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The primary obj»i?ctives of this contract were to develop 
an 18“percent efficient 700-mV silicon solar cell in 0.1 n~cm 
p-type material and the experimental methods for realizing these 
goals. In the event these values were unattainable, the contract 
objectives were to determine the limitations that prevent their 
achievement and, through a thorough understanding of the device 
physics, explain the mechanisms of the limitations. 

Based upon existing solar cell theory, experiments were 
designed to determine the relative impact of the various contri- 
butions to the solar cell dark current. Bandgap narrowing, as a 
result of heavy doping, has a deleterious effect on the dark cur- 
rent from both the surface and the bulk of thfi' emitter. Even 
though heavy doping effects in the emitter (n-type silicon) were 
found to be less than predicted by many models, the magnitude of 
these effects is such as to have the greatest single impact on 
solar cell performance. Surface recombination velocity was also 
identified to be a limiting factor. After removal of the effects 
of high surface recombination from the metal-silicon interface of 
the grids, there remains significant recombination at the rest of 
the surface that dominates in cells with shallow junctions. 
Electric fields in the junction region were found to affect cell 
fill factors, and various emitter doping profiles were tried in 
an effort to improve fill factor and open circuit voltage. 

Although the effects described above could not be 
altered enough to result in achieving either 18-percent effi- 
ciency or 700 mV, several improvements were realized. Reductions 
in the emitter and base dark diffusion currents were accom- 
plished. Minority carrier lifetimes in the base were improved by 
low temperature gettering techniques to the point where 0.1 P-cm 


\ ORI«AL PAGE m 

OF POOR QUAUTY 

lifetimes were comparable to those normally seen in 1 ft-cm mate- 
rial. :^nduced n- type layers (created by applying surface charge, 
or forming MIS structures/ for the purpose of studying the, ef- 
fects qf heavy doping and surface recombination) in MIS cells 
were effective in achieving dark saturation current densities as 
low as 2 X lO'"^^ A/cm^, Electrostatic surface charge was found 
to alter open circuit voltage In cells with low doped emitters by 
as much as 100 mV, 

A 

The best cell, resulting from Incorporating as many of 
these Improvements as possible, achieved in the work of this con, r 
tract was an n‘*’’-p, diffused junction cell which had an open cir- 
cuit voltage of 654 mV under AMO at 25®c. This is the highest 
open circuit voltage ever reported for this type of cell. The 
reasons for lack of improveraerit beyond this value of open circuit 
voltage are discussed, 
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1 . INITODOCTION 

i m Miiii w i \imma 

Over the past few years evidence tlJ has been accumu- 
lating for mechanisms which limit the efficiency of silicon solar 
cells to significantly less ^him the idealized theoretical maxi- 
mum [2] of about 24 percent AMO. Once recognized, these limiting 
mechanisms can be removed, bypassed, or at least reduced in their 
influence [3] . 

Bandgap narrowing, resulting from heavy doping, is one 
mechanism that limits cell open-circuit voltages. Recent efforts 
haire sought to provide a consistent theoretical and experimental 
basis for predicting the extent of this limitation 14-8) . ether 
efforts hav« sought to reduce the consequences of bandgap narrow- 
ing by use of ion implantation to control junction profiles [91; 
by use of high-low emitters to isolate the heavily doped regions 
[10] ; and by use of charged oxides or metal-insulator semiconduc- 
tor (MIS) structures to induce a high carrier concentration with- 
out the need for high doping concentrations [111 . Other voltage- 
limiting mechanisms such as surface recombination velocities [12] 
and junction recombination currents [1] have been identified. 

The purpose of this contract was to develop a 0,1 0~cm 
silicon solar cell that under AMO illumination and at 25“C would 
have an efficiency of 18 percent and an open circuit voltage of 
700 mV. In the event these values were unattainable, the secon- 
dary objective was to determine and explain the mechanisms of the 
limitations that prevent their being achieved. To fulfill these 
goals, a major effort was made to confirm the limiting factors 
and overcome them, where possible. Results of this contract will 
pertain to all solar cell work in that simple theory is supported 
to explain limitations in cell open circuit voltages. In addi- 
tion, experimental techniques were developed which have improved 


1-1 


ORIGINAL PAOe IS 
OF POOR QUALITY 


teccestrial and spaca silicon solar cells and which might also 
improve characteristics of cells made from other materials. 

The theoretical and experimental bases for this effort 
are described in Appendix A U) . A discussion of the cell lirni-^ 
tat ions and the technical approach to reducing these limitations 
was presented at the Third High Efficiency Solar Cell and Radia- 
tion Damage Conference in 1979 [3], Parts of the proposal for 
this contract (Appendix B) cover the material presented at that 
time. 

The theoretical limits for short circuit current in 
silicon solar cells have been approached by use of nonref lective 
surfaceSf wrap around contactsjt, and sawtooth coverslides (see for 
example reference 13). The fill factor should increase with in- 
creased opan-ctrcuife voltage# Tq achieve the IB-percenh 

efficiency at AMO and 25^'c, one must obtain open circuit voltages 
in excess of 680 mV. Since the current limits were already 
reached, new technology would be needed only in the voltage 
study. In concurrence with the NASA technical monitor, the plan 
of attack was directed toward the 700-mV goal. Thiji open circuit 
voltage depends primarily upon the dark diffusion current contri- 
butions from the emitter and base of the cell. This report Is 
divided along these two lines with an additional chapter on spe- 
cial structures included to delineate promising devices that do 
not necessarily fit the theory and practice of diffused n+p sola# 
cells. Another chapter is included to address the impadt of pro- 
cessing, to improve voltage, on the other cell characteristics. 
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2. BASE 

' 'f » 

In material v/ith rosistivlty> p, on the order o£ 

1 n-cm» the dark diffusion current (^-2 x 10"*12 A/cm^) from the 
base dominates the open circuit voltage.^ When the resistivity 


is reduced to p a 0,1 n-^cm, the computed value of this dark 


current, J(jp, from a 0,02-cm thick base is lowered to 
s 1,0 i 0,6 X 10“ 13 A/cm 2, 

The contribution to the dark current from the base can 
be written as 


qnjo 

^dP “ NaL„ 

where 

q 5 electronic charge = 1,6 x 10" l 3 q 

D = minority carrier diffusivity - 10-15 cmVs 

Na s acceptor doping level 1,5-4, 5 x lOlVcm^ (p » 0,1 0-cm) 

Ln = minority carrier diffusion length >, 0,02 cm 

ni s intrinsic carrier concentration « 1.2-1. 5 x lO^Vcm^ 

W 5 base length a 0.02 cm 

S s back surface recombination velocity » 10 ‘♦-10® cm/s 

The range limits indicate the possible choices for Na^ ni, and D 
obtained from the literature; the value of for the particular 
cell; whether or not bandgap narrowing in the base is assumed; 
and the influence, which is reflected in the value for surface 
recombination velocity# S, of the back surface* The value of the 

r-' 

*'See Appendix A for a review of the diode equations, etc, 

2-1 


(SL^/D) cosh (W/Ln) + sinh (W/L^) 
( siLn/D ) sinh y '+ liosh { V^L^T 

' 


OF POOH 

bracketied term In equation (2-1) is shown in Figure 2-1 as a 
function of W/Lj, and SL^/D. The impact of cell thickness and 
surface recci:\bination velocity on dark current are clearly 
exhibited in this figure. 

Prom equation (2-1) r it can be seen that reducing S and 
D or increasing will lower thereby increase the open 

circuit voltage. Since L appears in functionally different 
forms, an increase of h does not necessarily reduce The 

following sections detail the reductions in Jdp that were antici- 
pated, based upon theoretical grounds, and the positive results 
and limitations encountered during the contract. 

2 . 1 P“^ BACK CONTACTS 

A p"^ layer should reduce recombination at the back sur^ 
face, thereby decreasing J^p, increasing the open circuit volt- 
age, and increasing the collected photocurrent. If the p"^ layer 
is very effective, then the value of S (surface recombination 
velocity or SRV) in equation (2-1) is very low and the terms con- 
taining S can be ignored. In this case. 
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qnflJ w 

jdp a rr-T™ tanh r— (2-2a) 

If Ln > 3W, then tanh(W/L) “ W/L, equation (2-2a) becomes 

, qn[’DW 

■^dP-NT^- <2-2b) 

^ n 

and the dark current is minimized by reducing W or increasing 
or Nft • 











ORiaNAL PAGE 13 
OF. POOR QUALiTY 

If the barrier is not very effective, then the situation is 
much more complicated. Reference 14 gives an excellent descrip- 
tion of the means of calculating S and its impact on J^p. (S of 
Reference 14 is our S times L^/Dn.) In brief, the effectiveness 
of the p’^ layer depends upon the height of the p-p"^ barrier 
expressed as the ratio of the doping concentrations in the two 
regions, the greater the ratio, the higher the barrier 

and, therefore, the lower the value for S. In general, the SRV 
also depends inversely upon the rate of recombination in the p”*^ 
layer and, therefore, the better the diffusion length in this 
layer the lower the value for S. Unfortunately, heavy doping ef 
fects tend to keep the effective p"*" doping from increasing as 
rapidly as the actual doping increases and the p-p"^ barrier to 
minority carriers is, thereby, reduced. This results in an 
increase of dark current generated in the p"^ layer. Data exist 
indicating bandgap narrowing of 42 mV at l0^®/cm3 boron 
doping [8] and 15 mV at 2 x 10^^/cm^. The theoretical potential 
barrier resulting from a p-type doping level change from 

2 X 10^'7/cm3 to 10^®/cm3 would be ~40 mV so that with bandgap 
narrowing, the net barrier for electrons would be ~13 mV*, or 
less than kT/q. Likewise, at 10^ ^/cm^ the bandgap harrowing is 
'-68 mV compared to the theoretical p-p'*’ barrier of <-100 mV. 
Again, the net barrier to electrons is =kT/q. The referenced 
data extend only to = 0.3 x ib^o/cm^. If the bandgap nar- 
rowing levels off somewhat at doping levels greater than 
1020/cm3, then an ionized acceptor concentration (po) of 

3 X 10^®/cm^ should improve the barrier beyond 2kT/q with a cor- 
responding improvement in collected photocurrent and a possible 
reduction in dark current. (However, Auger recombination may be 

^T0~^'1T2^15 ) = 13 mV 

'■ 2-4 . 
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be so high at this doping level that no decrease in dark current 
is observed.) 

A layer of 1,5 x lO^O/cm^ would h^ve an effective 
doping of between 3 x 10 and ~10^Vcm^ (a? a result of bandgap 
narrowing), D a 1 - 3 era Vs, and a 1 - 10, x cm. These 

large ranges of uncertainty in both effective doping and minority 
carrier diffusion length are obtained from the literature. If 
the most optimistic of these values are correct, a p"^ contact 
with a low barrier (~4 KT/q) would result [14] , Unfortunately, 
the generally accepted values (resulting from experiments to mea- 
sure heavy doping effects [6] , [8] and Auger recombination life- 
times [15]) indicate that such a heavily doped layer on 0,1 fl-cm 
material would be little better than an ohmic contact (see Sec- 
tion 3.4 ) . 

Aluminum, when alloyed into the back surface, produces 
cells with good base diffusion lengths. However, on 0.1 fl-cm 
material, no effective p'^ layer has been observed from this pro- 
cess. Boron, which has a much higher solid solubility in silicon 
than does aluminum, could provide the high acceptor concentra- 
tions necessary to create an effective p"^ layer. Emulsitone 
0317D, which should provide surface concentrations on the order 
of 1020/cm^, was used to form these layers (runs 1403, 1411, 

1423, and 1433). Since the boron doping level does not reach the 
critical 3 x lO^O/cm^ level, the resulting values of .tsc 
gamma cell* currents should be, and are, comparable to those from 
the lower doped aluminum p+ backs. Some improvements of boron 
over aluminum [17] have been obseryed in higher resistivity 


^hat current, Iy, resulting from the uniform carrier generation 
provided by a gamma cell, which is used to determine L [16] 

(large Iy implies large L). 
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ynateric^l (up to 1250 n-cm)r but no attempts have yet been made to 
optimize the boron p*** layers as has been done for aluminum# (The 
boron p"*" layer work is discussed in the next section and in 
Appendix C.) Of particular interest would be the use of laser 
annealing for very high concentrations of active boron 
03 X 10 2 0 /cm 3 ) [18 ] . 

Alternatives to the laser annealing process for lower- 
ing the SRV would be the use of an MIS back contact [19] or a 
well passivated and/0r charged oxide layer with very low area 
metal contacts distributed across the surface. Both procedures 
might benefit from a slightly increased doping at the back sur- 
face since boron tends to out-diffuse during growth of an oxide. 
The metal contact area must be very low (<1 percent) in the sec- 
ond procedure or no benefit will be derived on 0.1 n-cm material. 


2.2 BASE DIFFUSION LENGTHS, L^ 


With the understanding that no significant improvement 
is likely from a p+ back on 0.1 0-cm material, equation (2-1) in- 
dicates that increasing the minority carrier diffusion length is 
the most likely candidate for reducing the dark current contribu- 
tion from the base. Figure 2-2 explicitly displays the depen- 
dence of J( 5 p on L (W = 0.02 cm). It is noted that with an ohmic 
or near ohmic contact (S/D > 1,000), the bracketed term in equa- 
tion (2-1) reduces to coth (W/L) . No improvement in J^p with 
can be expected when L >_ 2W since coth (W/L) = L/W and ‘ 
equation (2-1) reduces to 

qn?D 

JdP “ (2-3) 

// N^W . 
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Given the present cell thickness of ~200 jimf and typical diffu- 
sion lengths in the range of 200 < Ln < 400 improvement from 
increasing beyond 400 vm is not expected (Figure 2-2). How- 
ever, with an ohmic back contact and « 400 pm, a factor of two 
decrease in could, result from increasing W to 800 pm 
(Figure 2-1). 

In the low diffusion length regime (L < W/2)r 
coth (W/L) « 1 and equation (2-1) reduces to 

qniD 

'’dp “ (2-4) 

Diffusion length is obviously important in this case. 

Most of the solar cells fabricated during the contract 
(W * 200 pm) exhibited diffusion lengths with W/2 < L < 2W. If, 
in addition, the p+ back layer is effective enough "to have the 
ohmic contact condition break down, the dependence of J^p is 
closer to that Of equation (2-3). For eSO"^ mV cells from this 
contract, a large drop in (e.g., as a result of irradiation) 
must be experienced before any significant effect on Voc is ob- 
served. (A reduction of L to L/2 results in less than 5 mV drop 
in Voc-) This would indicate that Ln is in a range such that J^p 
is not sensitive to large reductions in L (the right side of the 
S/D ^ 1000 curve of Figure 2-2) and/or the total dark current is 
strongly dominated by the emitter or some other source. In the 
first case, Ln must exceed 500 pm; this is possible, but the sec- 
ond case is more probable. In the case of 650-mV cells, is 

lower by a factor of 2. If we assume that the emitter current 

has been reduced to achieve this Vocr then must be reduced by 

more than 2X and J^p may dominate the dark current in such a 
case. Irradiation of 0.1 and 0.2 0-cm cells was carried out to 
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alter the base diffusion length and to distinguish the J(jp and 
JdN contributions (Appendix D and Reference 31) . 

A large body of diffusion length data was obtained dur- 
ing this contract and several trends can be observed in 
Table 2-1, The results of a series of experiments in which the 
heat treatment and the p+ layer dopant., were varied (Table 2-1) 
point to a weak dependence of with respect to L when 
ly > 6,0 mA. With a few exceptions, the gamma current of the 
cells increases with increasing time and temperature of heat 
treatment. Several cells are displayed that have low voltages, 
but with ly ^ 6 mA, indicating a dominant failure mechanism other 
than the bulk diffusion length. In several cases the dark 
diffusion current, is included for comparison with ly and 
Voc* will be noticed that the cells of set 1441 (all with 
ly < 6 mA) display a strong inverse relationship between ly and 
J( 3 . The high values of ly would correlate with a reduction in J(j 
only if the base were contributing to the dark current. However, 
set 1440, which exhibits some of the best values of ly in 
Table 2-1, has higher average values of J <3 than does set 1441. 

The implication is that while the base diffusion length and the 
quality of the back contact (both together represented by ly ) can 
Influence the dark current in these cells, some other source of 
dark current has a greater effect. The most probable Source is 
the emitter (see Section 3) If this is the case,’ the emitter 
appears to be influenced by heat treatment and/or the nature of 
the back surface during such treatment. The cell voltage can 
also be influenced by junction recombination currents, Jj; as well 
as by the diffusion currents. Cells 1441-1 through 4 are 
examples of this. Their low values of J(j should provide about 
5 mV greater Vqc than that of the other cells in the set if Jr 
were ignored. However, the junction recombination currents of 
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Table 2-1. Influence of Heat Treatment and Aluminum 
or Boron on Solar Cell Parameters (Continued) 
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Gamma currents corrected for decay of ®®Co source 












the former are about twice those of the latter cells and this 
reduces both the fill factors and the open circuit voltages »* 
Cells with boron diffused p+ back contacts (set 1423 
for example) can achieve values of ly (given long anheal times) 
comparable to cells with aluminum pt backs but their voltages and 
base diffusion lengths are not consistently as high as those of 

cells fabricated more simply and quickly with high temperature 

// 

aluminum. Appendix C describes a self-consistent mddel of get- 
ter ing that compares the action of various diffusants and pro- 
cesses on bulk lifetime in silicon. 


2.3 BASE THICKN E SS, W ■ 

A means of reducing base dark current contribution in 
high resistivity material is the reduction in base thickness W if 
a good p'’’ back layer can be achieved (Figure 2.1 and eq. 2-2b). 
However, as mentioned in Section 2.1, a good p+ back cannot be 
achieved with 0.1 JJ-cm substrate material and so the best to be 
expected is a relative independence of bulk dark current bn cell 
thickness once W becomes greater than ~2L. On the other hand, if 
a very thin layer of higher resistivity p-type silicon were used 
between the emitter and a p"** substrate, an effective p-pi* barrier 
results and equat|bn (2-2b) pertains (since t = L^/D# 

Jdp - qn^W/NAT)* If the p layer were 2 n-cm and 10 pm thick 
instead of 0.1 n-cm ind 200 pm thick (n+pp‘^ vs n’^p+), if the 
lifetimes t were comparable, and if the p"^ back contact were per-^- 
feet (S “ 0), the base dark current would be lower in the 2 Jl-cm 

*The junction recombination current is deduced from the I-V 
curves by a computer fit to the diode equation which contains a 
term in exp(qV/nkT), where n s 2 (see Section 4.1). 
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case* As a means o£ evaluating such thin base structures, epi- 
taxial layers on '-0,01 0-cm substrates have been made into solar 
colls. Initial attempts have been carried out with commercially 
available material (2-9 0-cm, 11^30-Mm thtcR epi layers on 
0,01 0-cm substrates) to determine feasibility of using this typo 
structure. The short circuit currents were low, as expected from 
such thin active layer devices, and correlated well with epi 
layer thickness. The voltages wore lower than those from n’^p'*’ 
control cells or those predicted by simple theory. That the 
voltages are loss than simple theory is not unexpected since per- 
fect backs cannot be obtained even on higher resistivity 
material* If the epi layer is good, this technique provides a 
means of determining bandgap narrowing in heavily doped p-type 
silicon. However, the cell fill factors were low and so Indicate 
a problem with the epi material. Work in this area was, there- 
fore, not pursued. 

On several occasions solar cells of basically the same 
material but different thicknesses were fabricated. The strong 
dependence of gamma current on cell thickness (Table 2-2) points 
to long diffusion lengths (1^ >. 200 v*m) and ohmic or near ohmic 
back contacts. The maximum ly values indicate non-ohmic back 
contacts and/or extremely high values for Lrv* 


Table 2-2. Influence of Cell 
Thickness on Gamma current 


Material 

ly(llA) 

Avg, 

Max. 

COMSAT O.lficm 



8 mil 

6 

6.8 

10-11 mil 

7.2 

8.4 

NASA 0.1 ncm 



9 mil 

6 


25 mil 

12 
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BASE DOPING CONCENTRATION, Na 


As another means of determining the relative contribu- 
tion of the base dark current, 0,2 fl-cm cells were fabricated in 
parallel with 0.1 n-cm material. Use of equation (2-1) indicates 
the influence of this change, D is slightly larger for the 
0,2 ft-cm material; therefore, should decrease by a factor of 
>2 and L should Increase somewhat. The increase in h should not 
change CT(jp much (as discussed in Section 2,2), but the reduction 
in base doping will increase the effectiveness of the p-p"*" bar- 
rier, The improved barrier will increase Iy and Iqq but will 
have little or no effect on J^P since the dark current contribu- 
tion from the p"^ layer is unchanged. The net result Is that, if 
the cell is base-dominated, (0^>p,2 > 2 x (Jd^O.l ®sd Vqc the 
0,2 0-cm cell should be >18 mV less than that of the 0,1 fl-cm 
cell. In actuality, the results (set 1402)/ confirm the increase 
in ly but reveal only a 9 mV lower Vqc relative to the 0.1 fl-cm 
values. The small difference indicates that contributions to the 
dark current from the p+ layer and/or the emitter dominate that 
from the bulk. 

Irradiation, sufficient to lower the diffusion length 
of both 0.1 and 0.2 n-cm cells to approximately 40 urn, was used 
to establish the relative contributions from the base and emitter 
of these cells. If we assume that the contribution from the 
junction is small compared to that from the emitter and bulk, / 
calculation for an unirradiated 635 mV, 200 urn, 0.1 n-cra cell 
indicates that the base dark current is less than 30 percent of > 
the total dark current, if the p+ layer is a perfect reflector 
(S = 0) , the contribution from the base is about 28 percent of 
the total dark current for the unirradiated cell. If the p'*’ 
layer is ineffective and acts as an ohmic contact, then the 
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contribution from nhe base is negligible. The real case is 
somewhere in between. Similar calculation from the data for a 
0.2 ft-cm cell indicates the base contribution to the total dark 
current to be loss than 50 percent prior to irradiation, 

A later experiment# comparing 1 0-cm and 0.1 fi-cm cells 
(set 1455), proves that excellent diffusion lengths can be main-^ 
tained for material below 1 n-cm. Assuming that the 1 n-cm cells 
are voltage limited by the base, an Increase in base doping by an 
order of magnitude would increase Vqc from 605 to 665 mV# if 
n ** 1 and no contribution from the emitter were experienced in 
the 0.1 Q-cm cells. On this basis# 650 mV# 0.1 0-cm cells (with 
the same diffusion length) have about equal dark current contri- 
butions from the base and the emlttvsr. 

Heavy doping effects could influence the base bulk con- 
tribution to the dark current [8] even at a resistivity as low as 
p * 0.1 fi-cm (2 - 4 X lO^Vcm^)* If these effects are not 
strong# if the diffusion length does not change rapidly with p# 
and if the contribution from the p"^ layer is small (or the cell 
is made thick enough)# then lowering the bulk resistivity could 
be an important means of reducing the total dark current for 
660 mV cells. ■ J 


2 . 5 MINORITY CARRIER DIFFUSIVITY, P 

The last variable to be discussed in equation (2-1) is 
the diffusivity# D. Normally# this term is assumed constant for 
a given doping concentrationj however# two earlier obseryations 
might indicate a source of variability. We have commented on the 
apparent insensitivity of ^oc to variations in L for unlrradiated 
630-mV solar cells (Section 2.2) and attributed this to a 


dominant emitter dark diffusion current. Another explanation is 
that stress generated by the cooling of a silicon-aluminum alloy 
on the back of a cell might lovier P throughout the cell andi 
thereby f result in a lower Opp compared to an unstressed cell 
with the name measured diffusion length. In addition, unexpec- 
tedly low quantum yield results (Section 4) in cells fabricated 
with a double diffusion process (20] could support such a hypo- 
thesis for the emitter region and front portion of the cell. 

In recent work at NASA/Lewis (private communication , 

Vic Weizer), the alloyed region was removed from the back and 
redif fused with boron. This process should remove stress arising 
from the A1 alloy in the call without disturbihg the pp’^ field 
created by the A1 diffusion front. No change in or Vq^ was 

noted, so a change in D from stress appears unlikely in the base 
as a result of the p”^ back diffusion. 
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3 . EMITTER 

The previous section indicates severe limitations on 
the reduction of dark diffusion current from the base. However , 
significant data exist (e.g., Table 2-1 and Section 2.4) to indi- 
cate that base parameters may influence but do not dominate Vqc 
and, therefore, it is concluded that a major portion of the total 
dark current in most present cells (630-640 mV) must come from 
the emitter. Sources of the emitter dark current, J<3Nr include 
the grid contacts, the oxide-silicon interface, and the bulk of 
the emitter. Each of these regions has been studied experimen- 
tally in an attempt to minimize J(JN* ^ simplified model [1] is 
used for shallow junction solar cells in order to facilitate dis- 
cussion. The assumptions in this modal are; 

a. The doping profile consists of a thin (depth 

Wg 2 0.03 Jim) heavily doped layer near the surface followed by a 
lower doping concentration which grades down to the junction; 

b. Bandgap narrowing is intense in Wg; 

c. Auger recombination dominates lifetime in Wg; 

d. 13ark current from the low-doped region of the emitter 
is negligible compared to that from Wg; 

e. All photogenerated carriers transit the low doped 
region without loss; and 

f. The dark current from the surface can be obtained by a 
linear combination of contributions from the metal contact area 
and from the oxide-covered area. The emitter dark current (d^N) 
can, therefore, be written as 

JjN ° <Am/At)jgN + <1 - Am/At)J§N 


OWOIMAL PM* » 
OF POOR QUALITY 


where A^/At is the fraction of the total cell area contacted by 
metal. 

In view of assumption d, the emitter dark current term can 
be written as: 


<3Po*^p ®p (bp/Lp) tanh (Wg/Lp) 

•^dN " (Dp/Lp) + tanh (Ws/Lp) 

which can be simplified since (as seen below) Wg << Lp. There- 
fore, tanh (Wg/Lp) a Wg/Lp and, with 1/t D/L^ , 

Sp + WgAp 

JdN “ 1 + SpWg/D (3- 

The dark current from the metal contact area 
becomes . 



2 

ni 



D 

Ws 


(3-4) 


since S^i (the SRV of the metal interface) has a very high value 
(for ohmic contacts ~10^ cm/s ) and Po = n?/N^. The dark current 
from the oxide area (J^f^) becomes 



ni Sq + Wg/tA 
N* 1 + SoWs/D 


(3-5) 


where Np is the effective doping level in Wg, Sq is the SRV of 
the oxide interface, is the Auger lifetime, and the other sym- 
bols have their usual meaning. 
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Some hypicaX values jEot the surface layer are: 

Donor density 
Effective donor density 
Auger lifetime for Nq 
D iffusivity for Np 
Surface Layer thickness 
SRV 

Intrinsic carrier 
concentration 

Diffusion Length in Wg 

As can be seen from equations (3-1) and (3-4) the dark 
current from the metal contacts can be reduced by reducing the 
contact area or increasing the thickness of the heavily doped 
layer beneath the contacts (so that Wg L^) . The dark current 
contribution from the oxide-silicon interface and emitter bulk 
[equation (3-5)] is reduced by lowering the surface recombination 
velocity Sq and the heavily doped surface layer (Wg/t^) term. 

(For our normal values of Sq and Wg the SQWg/D term in the denom- 
inator of equation (3-5) can be ignored.) It is apparent that 
heavy doping effects (which lower Nj) increase the dark current 
from the emitter bulk, the contacts, and the surface. 

3.1 CONTACTS 

With a normal grid contact area of about 5 percent of the 
solar cell surface, the calculated dark current contribution from 
this area is 2-5 times greater than the contribution from a 
reasonable oxide-silicon interface. By restricting the contact 


Np s 2 X I020/cm3 
Nd* a 10 18/cm 3 

a 0.3 - lx 10" 8 g 
D a 1 cm Vs 
Wg a 1 - 3 X 10”® cm 
Sq a 5 X 10 8 cm/s 
n£ a 1.2 X lO^Vcm^ 

L;^ a 2-3 X 10" 5 cm 


area to small holes through tihe oxide ^ the ohmic confeacb area can 
be reduced by nearly two orders of magnitude, to only 0.1 percent 

II I 

of the Cell area, and thus its contribution to JdNi should be in- 
significant, or at least much less than that from the oxide [IJ . 

Historiv^ally , GOMSAT Laboratories has fabricated solar cell 
contacts by evUuorating Ta metal over the cell surface and then 
Cr-Au grids on top. During the thermal oxidation of the Ta to 
Ta205 (525®C) , near ohmic contacts were made (Sjjj s 4 x 10® cm/s, 

[1] ) . The present low area contacts are made by? a. evaporating 

; V 

Ta over a photoresist grid pattern which is then lifted off? 
b. oxidation of the remaining Ta which provides an AR coating 
with narrow bands of bare silicon exposed? and c. deposition of 
Cr-Au grids and pads at right angles to the exposed silicon. The 
resulting cross-hatch pattern of grids across open lines in the 
AR coating provides point contacts that are approximately 
1/4 mil X 1/2 mil rectangular "dots." An additional advantage of 
this process is that the contacts are not heated? and, therefore, 
the contacts have a lower SRV than would be expected from an 
ohmic contact. With < 3 x 10*^ cm/s, would no longer be 
accurately described by equation (3-4) and the contribution to 
is less than that from ohmic "dot" contacts* 

3,1.1 CONTACT AREA 

A set of 2- and 0.12-ft cm cells [1] , processed identi- 
cally except for the grid contact area is compared in Table 3-1. 
The low contact area is seen to have an effect even for the 
2-g cm cells. In the 0.12 n-cm cells, where dark current from 


the emitter dominates, the impact of the contact area is quite 
strong . 


Table 3-1. Influence of Grid Contact Area on 
Different Resistivity Cells 


Substrate 
Resistivity 
( n-cm) 

Grid Metal to 
Silicon Contact 
(%) 

J(3, Total Dark 
Diffusion current 

( pA/cm^) 

Open Circuit 
Voltage 
(mV) 

2 

5 

2.8 

598 

2 

0.14 ,, 

2.4 

601 

0.12 

5 

1.8 

606 

0.12 

0.14 

0.8 

616 


A set of cells (1410) was fabricated to test the effect 
of reducing the area of present contacts by comparing the open 
circuit voltage of medium and shallow junction (Xj = 0.3 - 0.4 
and 0.1 |im) solar cells with 5-percent and 0.1-perCent contact 
area. The 5-percent contacts were laid "in," not "across” the 
open spaces in the AR coating, but still were never heated. 

Table 3-2 displays the results and indicates that even medium 
junction-depth cells are slightly influenced by the present metal 
contact area if the heavily doped layer (Wg) is not too deep. 

The difference in V^c between the 5-percent and 0.1-percent area 
contacts is only about 7 mV on the shallow junction 637-mV cells 
as compared to 10 mV on 616-mV cells in Table 3—1. This indi- 
cates that the SRV of the present metal contacts, which are never 
heated, is significantly less than the 7 x 10 ^ cm/s reported 
earlier [1] (and in Table 3-1) for Cr contracts heated to above 
300®C. The fact that the change in Vqq is greater for the shal- 
low junction cells than for the medium junction cells when A^/At 
varies (Table 3-2) indicates that minority carrier transport " 
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bety/eon the surface and the junction is not as good in the case 
of the thicker emitter. This conclusion is strengthened by the 
higher blue current (Ib) seen in the shallow-junction low contact 
area cells. It should be noted that the relatively constant 
value of fill factor verifies that no increase in series resis- 
tance has resulted from the reduced ^ or dot, contact area. 

A comparison (in Table 3-2) of cells 1 and 2 with cells 
5 and 6 shows the slight average increase in blue response ex- 
pected from shallow junction cells jr however, a significant drop 
('-S mV) in Vqc is also observed. The loss in the 5- 

percent contact cells with shallow junctions points to the quali- 
tative agreement of data with equation 3-4 and the dominance of 
the contacts in equation 3-1. The Voc of the shallow- junction 
low contact area cells (7 and 8) is not greater than that of the 
deeper junction cell 3. This points to the SRV of the oxide- 
silicon interface as the limiting factor in the emitter of these 
cells (which were designed to minimize the dark current contribu- 
tion from the bulk of the emitter, see Sections 3.3.1 and 4.1). 


Table 3-2. Influence of Grid Contact Area on 
Different Junction Depth Cells 


- . 1 . — 

Junction 

Depth’* 

Ir 

Contact 

Area 

■ 

Voc 



Ib 

1 

— 

Fill 

Factor 

1410- 

1 

0 

.3-0,4 

pm 

5 

% 


635 

mV 


0 

.79 

1410- 

2 

0 

,3-0.4 

pm 

5 

% 


635 

mV 


0 

.79 

1410- 

3 

0 

.3-0.4 

pm 

0 

,1 

% 

638 

mV 

38 

0 

.79 

1410- 

5 


0.1 

ym 

5 

% 


628 


40 

0 

.79 

1410- 

6 


0.1 

ym 

5 

% 


632 


39 

0 

.80 

1410- 

7 


0.1 

ym 

0, 

.1 

% 

636 


41 

0 

.79 

1410- 

8 


0.1 

ym 

0 

.1 

% 

637 


42 

0 

.76 


‘Estimated junction depths based on measurements made on 
silicon wafers treated in a like manner. 
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3.1.2 GRID SPACING 

I 

An experiment (set 1420) was carried out to check the 
effect of the grid structure on shallow- junction solar cells 
because it was noticed that 2 x 2-^cmf 0.1 0-cm cells made with 45 
line patterns consistently displayed lower than like cells 
with 60 line patterns. Line densities were varied (45/cell, 
6C/cell, 89/cell, and 178/cell) and it was observed that 
Increased with increasing density up to 60/cell and then leveled 
off. It has been suggested that lncreas^ 3 d line density would 
reduce the excursions in surface potential at Vqq that are 
revealed in a 2-diraensional analysis of a distributed resistance 
model [21]. This explanation has not been confirmed for the con- 
tact geometry and sheet resistivities typical of our cells. 

3.1.3 LOW SRV CONTACTS 

The processing to form ohmic contacts typically either 
severely disturbs or heavily dopes the contacted surface. A suf- 
ficiently disturbed surface under the contact is a strong source 
or sink of both type of carriers. An adequately doped surface 
results in a Debye length that is short compared to an easy tun- 
neling distance. An aluminum alloy step is probably a combina- 
tion of the two cases, although the dominant nature is process 
dependent. 

If the material to be contacted is already heavily 
doped, most contacts will be ohmic in the current density range 
of interest without i processing beyond the evaporation step. The 
surface recombini^tidh velocity of such a contact would be low, 
but could be increased by heating; however, for most purposes 


this is unnecessary. To put this in perspective, consider an 
ohmic contact with art SRV of 10® cm/s on a material actively 
doped to lO^O/cm^. The charge fiow, that would introduce a 
0.1-^mV voltage drop in the conta^pted material, will create at the 
surface a deficit of majority ca^jrriers (in the limit of small V) 
An « qVno/KT « 4 x 10”3no. The torrent density through the con- 
tact will be 

J » An«q*s - 4 X 10“3 •1020 • 1.6 x lQ-19 
• 10® « 6 X 10 A/cm 2. 

our “dot” contacts (6,000-9,000 per 2 x 2 cm cell, 5 x 10 ym), if 
ohmic, could carry 30 mA/dot (3 orders of magnitude more than 
required). Therefore, even if the SRV were 10** cm/s no resistive 
losses would be expected at the contacts. If, however, the dop- 
ing in the material is lowered, the current capacity of the con- 
tacts decreases markedly as n decreases, since the tunneling dis- 
tance becomes longer and, therefore, the barrier is less likely 
to be penetrated (s decreases). Another problem is the voltage 
loss associated with the reduced current capacity of the less 
heavily doped emitter layer and the current concentration about 
the dot contacts (Section 3.1.2). 

When the material doping becomes too low, unheated 
contacts become resistive and high current densities result in 
voltage drops at the contacts. Under these circumstances, dot 
contacts become detrimental to solar cell characteristics. 

Larger area contacts, with their lower current density, would not 
have such an effect. Large area contacts are also more likely to 
have localized regions of high conductivity in the interface. 

(The density of these small regions is assumed to be the same 
regardless of contact; area.) 


small local regions of high conductivity in a large 
area rectifying contact become like dot contacts on a heavily 
doped emitter structure* However, such region in dot contacts 
may be far enough apart that severe surface resistance limita- 
tions are encountered, especially since the sheet resistivity 
(pg) of even a thicks low-doped emitter Is generally higher than 
that of a heavily-doped, very thin emitter. (An emitter doped to 
lO^Vcm^ would have to be ~2 m deep to be comparable in pg to a 
0.2 ym emitter doped to lO^Vcm^.) Figure 3-1 displays the I-V 
characteristics of a low doped emitter with dot contacts. The 
central curve Is the AMO response with no surface charge added. 
The cell, when forward biased to voltages beyond the ankle near 
Vqq, will result in a flattened curve between 0.5 and 0.7 V. 
Beyond this region, a second knee is observed and the curve turns 
down again. The total curve is identical to an illuminated diode 
in series with a dark diode. The upper curve indicates the 
influence of positive charge on the surface of this cell (see 
Section 3.2.1). Even though the SRV of the cell is reduced (as 
seen in the increased current and voltage), and the sheet 
resistivity is lowered by accumulation of majority carriers in 
the emitter, the curve shape does not lose the ankle near Vqq. 

The reason is that the charge cannot influence the region below 
the grids and, therefore, cannot alter the tunneling barrier. 

The lower curve is the blue response characteristic (with posi- 
tive charge) and confirms that sheet resistivity is not the cause 
of the unusual curve shape since reduction in current does not 
alter the shape. If the contacts and AR coating are removed and 
replaced with full grid contacts (Figure 3-2), the curve shape is 
returned to a more normal solar cell characteristic. (No change 
in surface doping Or contact material was made.) This identifies 
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Figure 3-1. The IV Characteristic of a Cell with Low poped 
Emitter and Dot Contacts: a) No Surface Charge AMO; 
b) Positive Surface Charge AMO; c) Positive 
Surface Charge, Blue Filter 



Figure 3-2. The IV Characteristic df the Same Cell as in 
Figure 3-1, but with Dot Contact Grids Replaced 
by Full (5%) Contact Grids 




the curve shape problem as due to rectifying contacts and not 
contact spacing. 

MIS contacts (which have an Insulator deliberately 
placed between the metal and silicon) would not have the same 
problem on low-^doped substrates because: 1) they are generally 

larger area, and 2) they accumulate chat^e under the contact and 
thereby reduce the tunneling distances to near that of the thin 
oxide. Therefore, good MIS contacts display low resistance and 
low SRV regardless of the substrate doping (Section 6.1), (For 
low doped emitters, use of dot contacts may not ve necessary, for 
low net SRV, but it Is unlikely that full area contacts could be 
used if they are heated.) The metal used on the MIS contacts 
should have a work function low enough to Induce a field in the 
emitter to prevent depletion of the subcontact layer and to 
assist charge transport through the oxide. 

3.2 OXIPB-SIL ICO N INTER FACE 

The antiref lective (AR) coating on all cells fabricated 
under this contract is thermally oxidized tantalum. The surface 
recombination velocity (SRV) has been determined to be 
5 - 7 X 103 cm/s for Ta20s on heavily doped n-type silicon tl] . 
Several experiments (sets 1434, 1436, 1437, 1438, 1439) were 
performed In an attempt to lower this value by annealing of the 
Ta 205 -silicon interface in forming gas (450 and 700“C) and by 
growth of dry or wet silicon dioxide (at 750®C) laye»rs between 
the TaaOs end the silicon. Success in this endeavor has been 
only marginal in that no improvement was observed from single 
step anneal processes and a maximum reduction in SRV of only 
20 percent was inferred from V^^ values after use of a dry 


oxidation process Cor 30 minutes at 750’*c* The inability to 
significantly reduce the SRV is not unexpected since lower values 
reported in the literature for the oxide-silicon interface are 
almost always measured on undiffused and much less heavily doped 
material. In addition; surface state density has been shown (22 J 
to increase markedly with dopant concentration. With the *‘dot*' 
contact pattern used on all shallow junction cells at present; 
the SRV under the AR coating appears to be the limiting factor. 

3.2.1 TA 2 O 5 

The emitter dark current contribution from SRV depends 
upon both Sp and po [eguatlon (3-3 )i where Sp is the recombina- 
tion velocity of holes at the surface and pq is the hole concen- 
tration. Passivation techniques are used to reduce Sp. Other 
techniques (such as ion implantation, material modification; or 
electrottatic charging) can alter the oxide to reduce Po at the 
silicon surface (Section 3.2.2) by producing strong electric 
fields with positive charge trapped in or on the oxide. Thermal 
annealing in forming gas is expected to inject H 2 through the AR 
coating to tie up loose silicon bonds that would act as recombi- 
nation centers at the interface. The failure of this treatment 
on thermally oxidized Ta could imply that the silicon bonds are 
all tied up or that other recombination centers dominate the 
interface. 
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Electrostatic charge applied to the surface of the AR 
coating should generate an intense field within the dielectric 
and for a very short distance into the heavily-doped emitter. 

This field can shift the carrier concentrations (and/ thereforei 
Fermi level) near the surface and thereby alter Pq, the and 

the resultant dark current contribution. When such charge is 
applied to cells with only thermally oxidized Ta20s coatingsv no 
change is observed.* There are four possible explanations for 
this negative result. 

a. The defect density at the oxide-silicon interface is so 
high that the charge trapped there prevents any field from enter- 
ing the silicon. High SRV and low blue response would result if 
this were the case. We have fabricated cells with a quantum 
yield approaching unity at 0,3 |im, which would argue against such 
high defect densities, Howeverr these cells had very shallow 
junction structures with doping gradients which could provide 
electric fields which extend to the surface. Under these circum- 
stances# the recombination rate at the surface could still be 
moderately high# but the photogenerated minority carriers are 
swept out of the thin surface region (Ws) before recombination 
can occur. The high recombination rate could# therefore# con- 
tribute to the emitter dark current and lower the open circuit 
voltage without hurting the blue response. Another argument 
against a high Ta205-silicon interface defect density can be 
inferred from the results from other oxides which provided poorer 
Vqc and/or blue response. 


*A Zeros tat® anti-static pistol# normally used to neutralize 
static charge on phonograph records# was the method of deposit- 
ing charge upon the surface. 


b. The charge brapped in the Ta 205 exceeds the cl^arge 
deposited on the surCace, and> therefore, little change in field 
is obsotfved at the interface. It is Known [23] that thermally 
oxidized Ta contains negative charge when processed on p-type 
silicon^ If similar charge results in n-type diffused layers, it 
will raise the SRV and lower the blue response of our cells « 
Nevertheless, the amount of charge trapped in the Ta20s on p-type 
silicon is not adequate to allow a null effect for the charge 
applied to the surface. 

c. Migration or tunneling of charge through the interface 
into the dielectric could be adequate to compensate the surface 
charge and, therefore, reduce the electric field at the inter- 
face. Only minor hysteresis is observed in C-V measurements of 
MOS structures with this oxide on p-type silicon [23). If the 
results are similar for heavily doped n-type material, charge 
transfer is inadequate bo compensate the surface charge. 

d. The inability of surface charge to alter Voq would also 
result if the change in minority carrier concentration (po) is 
offset by a change in SRV as the Fermi level at the interface is 
shifted by the external field* This explanation has much to 
recommend it, since a shift in Fermi level (Ep) will change the 
population of the different charge states of a defect (with 

Ed “ Increase the recombination probability as Pq 

goes down and decrease it as po is increased. Also field en- 
hanced recombination can compensate for changes in minority car- 
rier population. The argument against this explanation is based 
on the improbability of two ar three effects interacting in such 
a manner as to cancel out so weil. 

None of these explanations can be rejected or accepted 
completely, as yet. It is likely that some combination of these 
effects takes place at the Ta 205 -silicon Interface. 
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The scope o£ this contract did not permit detailed in- 
vestigation of this type of side issue that often surfaced. A 
very useful but difficult [241 test would involve C-V measure- 
ments of MOS structures on heavily doped (preferably diffused) 
n-type silicon with the thermally oxidized Ta applied as in our 
solar cells. However, further tests of the nature of the Ta20s 
and interface with n-type silicon were carried out by comparison 
with other oxide structures. 


3.2.2 OTHER OXIDES 

Removal of trapped negative charge’^ from the Ta20s 
should lower the SRV and reduce the requirettients for an extremely 
shallow junction. In an attempt to replace the negative3,y 
charged Ta 20 s with neutral or positively charged oxides, Nb 20 s, 
evaporated SiO and thermally grown oxides were used in various 
combinations. The Ta20s was the best, by far, which points to 
the fact that surface state density and nature (energy levels, 
capture cross section, etc.) may be more important than charge 
alone, (Passivation of these other oxide-silicon interfaces by 
annealing in forming gas or other ambients was not attempted for 
all combinations.) 

The most successful modification to the COMSAT process 
was an addition of a 30 min« 750®C dry oxidation step after the 
thermal oxidation of Ta at 525®C. An average (but not consis- 
tent) increase in Vqc of ~5 mV was observed in cells with this 
modification. However, the most interesting change was an onset 

^Negative charge in the Ta 205 is verified by the greater impact 
of positive surface charge than negative charge on the 
structures described below. 
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of 5J*3rt3itivity to surface charge. Cells with Vqq 2 635 mV could 
be raised to nearly 650 mV by the addition of positive charge to 
the surface of the AR coating. Negative charge could lower Vqc 
by a smaller amount. Unfortunately, cells initially near the 
650 mV mark did not show similar gains. Addition of this thin 
silicon oxide between the Ta20s and the silicon could; a. alter 
the density of defects at the oxide-silicon interface; b. reduce 
the negative charge in the Ta205 and/or compensa**' it by a posi- 
tive charge in the SIO2 layer; c. block migration of charge from 
the silicon into the Ta205 when a field is applied; and/or 
d. alter the interface defect energy levels and/or nature so that 
a change in Fermi level would not alter the recombination rates 
of the defects. 

Part of a single set of cells (set 1441, Table 2-1) 
exposed to the 750 °C oxidation step was further annealed in form- 
ing gas. A slight improvement was noted in Vqc as was a slightly 
greater sensitivity to surface charging. The hydrogen attachment 
to dangling silicon bonds appears useful at a Si02”Si interface 
but not at a Ta205 interface. (However, a forming gas anneal of 
p-type Ta20s structures was observed to lower negative trapped 
charge [23] ) . 

A probable explanation of the success of Ta205, in 
spite of some major limitations, involves the presence of impuri- 
ties at the surface of a heavily diffused layer. As is noted in 
Appendix C, the phosphorus diffusion getters material to the 
silicon surface. These impurities, and the phosphorus itself, 
can form major interface defect sites during the oxidation of 
such a surface. If these impurities are trapped in or on the 
Ta205 during the early oxidation stage then the Si surface is 
much cleaner by the time the Si02 begins to grow. The Si02 under 
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*ra 205 therofiore, a much better sutCi^ce ^asaivator than sili- 
con oxides thermally grown on bare silicon with similar doping 
concentrations. C-v measurements were made on MOS structures 
where the oxides were formed on p-type silicon by: a. growing 

Si02 underneath a thermally oxidized layer of Ta (continuing the 
oxidation process after all of the Ta is oxidized); and 
b. growing a dry oxide on silicon then thermally oxidizing a 
layer of Ta deposited on top. The result of the first oxide 
Structure had opposite trapped charge compared to the second 
structure* The SlOo in the first case was probably grown at a 
much lower rate* Since no impurities were drawn to the surface 
by a diffusion step in these test structures, oxide growth rate 
may be more important than surface impurity coneentration. 

Gutsory attempts at anodic oxidation and acid etching 
of the silicon surfaces prior to application of the AR coating 
produced low voltage cells. The idea in these attempts was to 
remove surface contaminants and a small portion of Ws. The 
method and/or technique that we tried Introduced more problems 
than wore solved? nevertheless, this concept is sound and should 
be pursued . 

The use of surface charge to increase Vqq is a useful 
tool. However, it does not provide a permanent improvement. 
Section 4.3 discusses a more permanent structure with great prom- 
ise in the use of SlO which has a large positive trapped charge 
density, work at NBS has Involved implantatlofi of Na into an 
oxide for similar purposes [25]. Later sections will describe 
other results of tests involving surface charging as a tool. 
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3.3 


EMITTER BULK 


Use of the '’dot*' contacts gives a value of An^/At “ 10“^ 
in equation (3-1), Thoreforef the contribution from {ibe contact 
regions is small relative to that from the rest of the emitter 
and 2 , Since SWg/D << 1 for the oxide used, equa- 

tion (3-5) reduces to » qn^(vS + W 3 /t^)/Np? i.e., a simple sum 
of the surface and heavily doped layer components. 

In the previous section, the surface-related term vfas 
discussed; in this section the surface layer and bulk of the 
emitter will be discussed. To differentiate the two terms more 
clearly, equations (3-5) and (3-3) are combined with the 
SWg/D << 1 assumption to give: 

where: pQ is the hole concentration at the surface and use of 

this form rather than n^/N* (which terms are not affected by 
field) more clearly indicates the influence of surface fields on 
the dark current contribution from the surface; n^/Nj^ gives the 
hole contribution in the emitter region where fields are too 
weak to modify the hole concentration; and the implicit depen- 
dence of doping concentration and heavy doping effects are dis- 
played in Nq. 

Chronologically, the first efforts at reducing 
involved the lowering of Wg. Since this heavily doped surface 
layer grows linearly with time (t) and the remainder of the 
emitter (xj - Wg) grows as /t, short diffusion time is the best 
means of reducing Wg without lowering xj too much. (If Xj gets 
too small, problems with cell fill factor become severe as a 
result of strong junction fields and interaction with surface 
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defects.) Diffusion times as short as 5 minutes at 820®C have 
produced successful cells (f.f. > 0.79). However, the majority 
of these cells displayed lower fill factors. Moreover, Vqc 
not improve for diffusion times below 15 minutes at 820®C. A 
slight reduction in J^jn could be observed with decreasing time, 
but an increase in the n a 2 component of dark current (from the 
junction region kept Vq^ from rising. A number of variations in 
emitter dopant and doping profile were attempted in an attempt to 

A 

reduce both the n - 1 and n s 2 components and improve the yield 
of high quality cells. 


3.3.1 EMITTER PROFItE 

The major goal of emitter modification was to provide a 
very thin, heavily doped surface layer (W3) with an abrupt drop 
in doping adjacent and a more gradual gradient in the junction 
region to spread out the space charge region and reduce the elec- 
tric fields in the junction. This variation on the high-low 
emitter [10] must not increase the size (and, therefore, the re- 
combination volume) of the space charge region too much, or there 
will be an increase in dark current from the junction [1] . (A 
minimum in junction dark current is to be found between the high- 
field, narrow-space-charge regime, and the high-recombination, 
broad-space-charge regime.) Several processes were tried in the 
attempt to obtain the "ideal” profile. 

a. Arsenic is capable of creating a high concentration 
surface layer with a very abrupt drop in doping beyond. 

Therefore, 
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(1) a shallow arsenic diffusion followed by a low con- 
centration phosphorus diffusion to form a deep 
junction; or 

(2) a phosphorus diffusion followed by a shallow 
arsenic diffusion which would lower the p 
concentration and drive in the P to form a deep 
junction would provide near ideal shape. 

b. A shallow P diffusion followed by a cleaning step to 
remove the spin-on dopant, a 16-hour drive-in step, and then a 
second shallow diffusion would provide near ideal shape. (This 
process of diffusion-clean-drive-dif fusion will be referred to as 
the dcdd process. Other processes, such as long diffusion- 
clean-dif fusion, Idcd; and dlf fusion-clean-drive, dcd, are minor 
variations . ) 

c. Anodic oxidation and etching is a means of reducing Ws 
on a medium Junction cell to provide an "improved” but not 
ideal profile. 

d. A shallow diffusion on a thin, lightly boron-doped, 
epitaxial layer would provide a long space charge region while 
maintaining strong gradients in the emitter. The siae of the 
space charge layer is controlled by the doping in the epi-layer. 

e. Variations in the composition of N250C might allow the 
codiffusion of P and As to provide the ideal profile in a single 
step. 

None of the above processes produced cells with better 
Vqc than a single diffusion with N250C and most resulted in sig- 
nificantly poorer cells for one reason or another. 

I ■ 

a. Results poor - Vqq and Iqq were low. See 

Sections 3.3.2 and C .3 . / 
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b. Results good - Vq^ was comparable with single 
diffusion results, the fill factor was improved 
(0.80-0.81, vs 0.79-0.80), but the blue response 
was down as expected. See Section 3.3.4. 

c. Results poor - Vqq and fill factor were down. See 
Section 3.2.2. 

d. Results mixed - base diffusion length was very 

poor, but ^oc was better than would b© expected 
for such low See Sections 2.3 and 3.3*6. 

e. Results poor - both voltage and fill factor were 
down. See Sections 3.3.3 and C.3. 

The inability of the modified profiles to raise Vqc is 
attributed to the limitation created by the SRV (Section 3.2). 

The improvement in fill factor for the dcdd process is a positive 
step which predicts that if the SRV limitation can be overcome, 
cells with both high Vqq and high fill factor can be fabricated. 


3.3.2 Arsenic Doped Emitters 

During the contract, periodic attempts were made to use 
arsenic as a means of a. increasing the surface donor concentra- 
tion (4 X lO^^/cm^ vs 2 x lO'^O/cm^ for phosphorus); b. altering 
the junction profile (to provide a high-low emitter); and c. re- 
ducing the lattice stress which could propagate damage into the 
junction. Hope was raised in this endeavor since use of Emuisi- 
tone N250C spin-on dopant has been so successful. This material 
contains four times as much arsenic as phosphorus and its use has 
resulted in reproducibly better cells than use of gaseous phos- 
phorus sources. 
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Attempts at arsenic doping alone (with Emu Isi tone spin- 
on sources, sets 1421 and 1435) resulted in poorer cell perform- 
ance characteristics than those resulting from use of N250C. Us6 
of >12500, either prior to (sets 1428 and 1430) or subsequent to 
(set 1422) arsenic doping improved the situation, but not to a 
point comparable to N250C alone (see Section C.3). Doping con- 
centration profiles from secondary ion mass spectroscopy (SIMS) 
data (Figure C-1) indicate that despite the higher arsenic con- 
centration in N250C, the arsenic concentration in an N250C dif- 
fused surface will be two orders of magnitude less than the phos- 
phorus concentration* However, sheet resistivity measurements oh 
arsenic diffusions alone indicate doping concentrations in excess 
Of 1020/cm3, The conclusion that the presence of phosphorus 
reduces arsenic diffusion is inescapable. 

Since arsenic diffusions alone do not give good re-^ 
suits, but arsenic with phosphorus (as N250C) does, an attempt 
was made to vary the ratio of arsenic to phosphorus in a single 
mixture. Two variations from the basic N250G formulation were 
tried (Appendix C.3), One had a reduced phosphorus concentration 
(LoP/RA) and the other had a reduced phosphorus and arsenic con- 
centration (LoP/LoA) . A series of diffusion schedules (sets 1448 
and 1449) were carried out with the new formulations on 1 fi-cm 
material. Sheet resistance and junction depth measurements have 
indicated that the interaction between the diffusing dopants is 
more complicated than expected. It appears that only a high con- 
centration of phosphorus suppresses arsenic diffusion, but a high 
concentration of arsenic strongly enhances phosphorus diffusion. 
The use of the LoP/RA mixture, therefore, provides a <)ood donor 
profile for a high-low emitter by driving a low concentration of 
phosphorus in front of a shallow heavily doped arsenic layer. 


other results from these experiments include confirma"- 
tion that both blue response and open circuit voltage are reduced 
when arsenic is used (alone or with phosphorus in concentrations 
below that in N250C) and that minority carrier lifetime in the 
bulk is degraded for high concentration arsenic diffusions above 
850“C. Three hypotheses are proposed to explain the data; 

a. The surface recombination velocity (SRV) of arsenic- 
doped silicon is higher than for phosphorus-doped silicon, 

b. The arsenic doping relieves stress in the heavily dif- 
fused region and thereby increases the mobility over a region 
heavily doped with phosphorus (therefore, the junction fields 
have less opportunity to draw carriers away from the surface 
before recombination occurs). 

c. The active doping in heavily arsenic-diffused layers 
may exceed that of phosphorus-diffused layers. If this were the 
case, the majority carrier concentration would increase and 
therefore the Auger recombination would also increase and the 
blue response would decrease. The effective doping which could 
raise Vq^ would probably not increase much; but this prediction 
depends upon which bandgap narrowing model is used. 

A high SRV (as in a.) would not reduce the open circuit 
voltage on deep arsenic-diffused cells, but such devices have not 
been fabricated because of the time required for low temperature 
diffusions. A higher mobility in arsenic-doped material (as in 
b.) would not alter Vqc [see equation (3-6)], but in deep junc- 
tion cells, would reduce the minority carrier gradient toward the 
junction and thereby reduce the blue response. When compared to 
phosphorus-doped material, a high mobility in As-diffused silicon 
could show up in experiments comparing the two dopants in deep 


junction c< 9 lls where D becomes important [equation (3-2)J. if 
Auger recombination is higher in the As-doped emitters is 
smaller), these cells (as in Ct) would be dominated by the 
heavily-doped layer rather than SRV, and the emitter dark cur^ 
rents should be more sensitive to variations in Wg than our N250C 
diffused cells. 

The present status of arsenic-doped solar cells is that 
solar cell characteristics are degraded by use of this dopant, 
either alone or in conjunction with phosphorus, when it is the 
dominant source of donors. Therefore, in spite of our ability to 
diffuse nearly ideal emitter profiles* by combined use of As and 
P, this technique does not appear useful in solar cell process- 
ing. Howeyer, a comparison of As- and p-doped emitters might 
provide data and insight on surface recombination velocities and/ 
or stress effects on mobility. 

3.3.3 LOW-DOPED EMITTERS 

This section describes the effort to raise Vqc by re- 
ducing the heavy-doping effects [61 and, thereby, raise N* in 
equation (3-5). A comparison of cells with low-doped emitters, 
with and without shallow heavily-doped surfaces, provides impor- 
tant Information as to the effectiveness of doping profiles, 
doping concentration, and surface passiyation. 

Theoretical calculations, based on several of the 
bandgap-narrowing models [5] -(7) predict an optimum effective 
emitter concentration (N*) at an actual doping level near 

*Prof i le s “we re deduced from sheet resistivity and junction depth 
measurements. - 
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10 phoaphorus afcomsi/cm^, we have obtained theso surface con- 
centrations by diffusion from low concentration sources and by 
diffusing a thin layer of hea-'lly^doped silicon# removing the 
spin-on source, and driving the remaining dopant into the silicon 
over a long period of time. The first process provides a lightly 
doped X 10 1 9/cm 9) shallow layer and the second process (dcd) 
provides a lightly doped ('«10i9/cm9) deeper layer. In both 
cases# the Auger recombination v^ill be much lower than in the 

1 

heavily doped surfaces and the effective doping should foe higher. 
Therefore# should be lower (because of N*) and dominated 
by S (see equation (3-5)]. Since the surface doping is lower 
than that of regular cells# S should be lower also. The cell 
should also be more responsive to surface charge, since the Debye 
length is longer in the less heavily-doped surface material# and 
Pq at the surface will be more easily altered by externally 
applied fields. 

Table 3-3 gives the results of a series of experiments 
to identify the impact of low emitter concentrations on cell 
characteristics. A more lightly-doped base (1 fl-cm) was chosen 
to reduce the probability of excess acceptor buildup at the emit- 
ter surface (see Figure C-1) which would have a particularly 
harmful effect on cells with low donor concentrations in the 
emitter. The dark current contribution from the bulk is higher 
for 1 n-cm cells but the influence of emitter structure is still 
apparent. Dot contacts were used to assure contributions to 
only from the oxide interface and the emitter bulk. Shallow 
(1451-4,5) and deep (1450-7,8) junction cells with heavily doped 
emitters are used to define the oxtreme Conditions of cells domi- 
nated by SRV and emitter bulk, respectively. Addition of a low 
doped step (~10^9/cn\9) to separate the junction from the heavily 
doped surface (1453-1,2 vs. 1451-4,5) creates a drop in blue 
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current (lb)* but has no significant impact on '^oc* Addition of 
the heavily doped surface layer (1453-»1,2,6#7) to a* deep, low- 
doped emitter (1453-3,4,8,9) creates a major increase in Ip and a 
distinct rise in Vqc* The varied dependence of V^q and Ib on 
junction depth (xj) and surface condition points to an emitter 
Which (for Xj « 7 pm),* 1) allows transport of minority carriers 
through Itj 2) captures some minority carriers generated by blue 
light within it; and 3) has a high enough SRV so that SL/D > 1 
’ (see Figure 2-1). The addition of a positive charge to the front 
surface of the AR coating reduces the SRV but is not as effective 
at this as is a heavily-doped surface layer (compare footnoted 
values in Table 3-3 with 1453-6,7). The cell data in the table 
provid© evidence for strong statements about heavy doping effects 
and SRV. 

a. An effective high-low barrier exists between regions 
doped at 2 X lO^o/cm^ and 10^®/cm^„ Therefore, bandgap narrowing 
does not fit the models which predict a reduction in effective 
doping with an increase in actual doping [5) -[7] (Section 3-4). 

b. Surface recombination velocity at the 10 ^^/cm^ level 
appears to be comparable to that at the 2 x lO^O/cm^ level 
(~5 X 1Q3 cm/s). (Negative charge trapped in the Ta205 would 
have a greater effect on the lower-doped emitter surface, thus 
preventing the expected decrease in SRV.) 

c. Based on change in Voc and expected contributions from 
the bulk (base and emitter) , the dark current from the emitter 
surface, as a result of added surface charge, should decrease 


*A slight difference in AR coating thickness between batches 1451 
and 1453 makes the change in Ip appear more drastic than it 
really is . 
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by more than a factor of 2, Since the heavily doped layer is 
even more effective, the effective dopiny at 2 x lO^o/cm® could 
well be three.to four times that at lO^^/cm^, 

Some other low doped structures were examined in prepa- 
ration for MINP* work. These results, shown in Tfible 3-4, are 
from cells with relatively shallow, low-doped emitters and ultra- 
shallow moderately-doped emitters. Cell 1460-4 had an overnight 
drive-in (diffusion after a light deposition of N250, a short 
'diffusion, and removal of excess). Cell 1460-2 was treated in a 
similar manner but a TaaOs layer was thermally grown on the wafer 
surface prior to this drive-in step (Si02 will grow under the 
Ta205 during drive-in). Of particular interest here is the fact 
that negative charge can also increase the current collection in 
this case where a thicki’ thermal silicon-oxide ia present on the 
surface. The Vqc changes in the expected manner, but only to a 
very small extent. 

Cell 1460-4 acts in a more expected manner, and the 
lower respO'hSG to a negative charge compared to a positive charge 
implies that the Ta205 does in fact contain negative charge 
trapped within it. The near total collection of photocarriers 
generated in the surface region, when positive charge is applied 
to the AR coating, is different than that seen in Table 3-3 for 
deep, low-doped emitter cells. The very low voltage when recom- 
bination losses at the front surface are made near zero is hard 
to explain unless the effective donor concentration is two orders 
of magnitude less than that of heavily-^doped emitters. If this 
were the case, a greater response to surface charge would be 

structure utilizing MIS contacts and charged oxides to 
accumulate an n"^ surface in a lightly doped n layer on a p-type 
substrate. 

iThick relative to Si02 grown under Ta205 for 30 min, at 750®C. 

3-28 

























expected. The possibility of heavy compensation by horonr from 
the 0.1 fl-cro background and/or additionally accumulated during 
the diffusion (Figure C-1), would reduce charge effects and 
account for a poor effective donor concentration. 

The very large impact of surface charge on the very 
shallow emitter of cell 1460-6 is part due to the increase in 
surface conductivity resulting from accumulation of the n-type 
silicon in the diffused emitter. The propagation of field into 
the diffused emitter implies an increased Junction barrier height 
and corresponding Voc- Since the charge cannot reach beneath the 
contacts, full benefit of the increased junction potential cannot 
be realized but the influence on dark current is seen. MIS con- 
tacts could take full advantage of both effects (see Sec- 
tion 4.2), The very low voltages could alternatively be a result 
of leakage currents through or around the very thin junction; 
however, shunt resistance was measured to be in the 1 kfi range 
and that is too high to cause any loss of Voc- Tunneling through 
a portion of the Very shallow high concentration gradient, emit- 
ter, would influence (shunt) the forward biased cell but not the 
unbiased cell. 

3.4 BANDGAP NARROWING FROM HEAVY DOPING 

We have seen in Section 2,1 that an effective p"^ back 
on 0,1 0-cm material has not been achieved by diffusion proces- 
ses. Recent work at NASA/Lewis (private communication, 

Vic Weizer) has confirmed thene results for boron doped layers, 
diffused by laser heating, where the active doping should be sig- 
nificantly greater than that possible by diffusion. The band gap 
narrowing model of Slotboom and Degraaff [8] predicts an 
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improvement in the pp**’ barrier characteristic above ~10 20/cm^ and 
this is observed in nn"^ barriers (Section 3.3 .3) . Three explana- 
tions are possible: 

a. There is a difference in bandgap narrowing with heavy 
doping above 3 x IQl^/cm^ in n- and p-type silicon. Theory [5] 
predicts that bandgap narrowing would be more severe in n-type 
silicon. However, this theory also predicts a functional depend- 

■■ ence of bandgap narrowing with n and p doping concentration that 
is quite different from that experimentally observed in this work 
and in Reference 8. 

b. The p”^ layers had ohmic surfaces and their thicknesses 
were less than the diffusion lengths in the p"^ material so that 
the surface, not the p”^ bulk, dominated recombination in the p'^ 
regions. 

c. The measurement techniques were not sensitive enough to 
detect an improvement in pp"^ barrier characteristics. Both gamma 
current, ly, and Vqc measurements should be sensitive to changes 
in the back surface for the cell parameters used. However, no 
distinction can be made between changes in the back surface and 
in the bulk diffusion length. 

Studies of p‘*'pn cells (thin p layer) with light inci- 
dent on the p"*" surface should be a method of verifying the band- 
gap narrowing model for p-type silicon as was done for n-type 
silicon in Section 3.3.3. 

For the present, we feel that the Slotboom and 
DeGraaff [8] model fits both n- and p-type silicon data for dop- 
ing below 2 X lOi^/cra^. Results in n-type silicon appear to show 
somewhat less bandgap narrowing than predicted above 
2 X lOi^/cm^. Results in p-type silicon appear to indicate 
greater bandgap narrowing than predicted above 2 x lO^Vcm^. 
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4. DOUBLE DIFPOSED CELLS 

The best cell (1408-8) fabricated so far under this 
contract is characterized, with and without a coverslide, in 
Figure 4-1. It is seen that this cell is healthy in all respects 
prior to being covered; however, it appears that the cell has had 
its fill factor reduced as a result of being covered (0.80-0.78). 
Nevertheless, the expected increases in and are observed 
for the covered cell. The quantum-yield data are presented in 
Figure 4-2 along with data from a deeper junction cell 
(xj s 1.6 pm) from the same batch and a shallow junction 
(xj 2 0.1 pm) single diffused cell (1407-3). A quantum yield in 
excess of 0.8 at 300 nm is very good, but shallower junctions 
should improve it further and raise Igc by ^ 4 mA. 

Results of an analysis of the illuminated i-V charac- 
teristic of the bare cell 1408-8 are shown in Figure 4-3. The 
data are fitted with three components of the diode equation: 

a. The junction recombination (Jj-) tern with an n « 2 
slope ; 

b. The diffusion current (J^j) term with an n = 1 slope; 
and 

c. The current leakage term resulting from shunb 
resistance (Rgh) • 

The series resistance (Rg) is varied to get the best correlation 

of data to the diode equation. It is seen that neither Rg or Rg^ 

contributes to the curve shape near Pmax (at V s 560 mV) but that 

» 

the n = 1 and n =* 2 terms are nearly identical at this point and 
Jr will, therefore, reduce Pmax* fill factor (PF) for this 

cell exceeds 0.80 despite the strong n = 2 contribution, but will 
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not increase as Voc is increased unless Jj. is reduced. There- 
fore, it is seen that to achieve cells with significantly higher 
maximum power, both and must be reduced. 

4.1 PROCESSING 

Fabrication was a combination of COMSAT and NASA/Lewis 
developments. Critical factors include the dot contact [12] and 
the Ta205 AR coating [23] which lower the effective surface re- 
combination velocity and permit use of shallow junctions to 
achieve the resulting high blue response without loss of Vqc- In 
fact, the best values Cor were obtained for the cells with 
highest blue response. The NASA/Lewis development is the use of 
a two-step diffusion process with intervening etch step [20] . 
Without this two-step process, the best voltages obtained were 
nearly as good but not consistently as good. The specific steps 
used here are: 

a. An overnight (17 hr) drive-in at 880®C of an 
(Emulsitone) N250C spin-on, followed by 

b. An etch step that removes nearly all of the diffused 
layer, and then 

c. A 15-min. diffusion at 820®C, again with N250C. 

The back surface has 1 ym of evaporated aluminum 
applied prior to the second diffusion. 

Tantalum metal is evaporated over a fine line grid 
(50 lines/cm) pattern of photoresist. The photoresist is removed 
and the remaining Ta oxidized at 525®C. Chrome-gold contacts are 
evaporated in a grid pattern at right angles to the pattern in 
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the TagOs on the cell front (resulting in 5 x ,10 pm •’dot” con- 
tacts at the intersections) and over all the back surface?. All 
metal is silver plated and a 2 x 2 cm square cell is cut out of 
the round wafer and given a quick edge-etch to remove saw damage 
and other sources of shunt resistance, standard solid-state fab-^ 
rication practice is followed in cleaning the silicon slices 
prior to and during processing. 

4.2 DEVELOPMENT AND ANALYSIS 

A major effort of this contract was directed toward im-’ 
proving Voc by use of shallow> abrupt junctions to reduce the 
volume of heavily-doped (and, therefore, bandgap-narrowed) mate- 
rial which can contribute so strongly to the emitter dark cur- 
rent. Use of dot contacts reduced the recombination at the 
contacts and/ thereby, permitted the reduction of junction depths 
to below 0.1 pm in 0.1 n-cm material without the Increase in 
experienced with full contacts. Reduction of carrier losses in 
the emitter and its surface resulted in a quantum yield at 300 nra 
approaching unity. The use of shallow junctions was not entirely 
without cost as two problems were observed to correlate directly 
with reduced junction depth. Shunt current and junction recombi- 
nation both became more significant as the junction was moved 
closer to the surface. The shunt currents could sometimes be 
reduced to insignificant levels by use of a longer edge etch; but 
often a residual, low shunt resistance was still present and the 
cell fill factor was reduced. The junction recombination current 
(J^) has been found to increase markedly with reduced junction 
depth and has been attributed to field-enhanced recombina- 
tion III. Again, the fill factor is lowered as this n “ 2 
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component is increaseci. Use of the two-step diffusion process 
appears to have reduced both of these problems. 

Typically, the front junction is created using N250C in 
a short, low- temperature process as a simple, reliable method of 
providing a high-quality n"*" layer. Diffusion with the N250C 
spin-on dopant results in migration of impurities '(gettering) , 
including boron, into the diffusec3 region (see Section C.3). 

These gettered impurities can shunt the junction and also lower 

♦ 

the lifetime in the junction and emitter regions. As a conse- 
quence of etching off- the results of a diffusion, the material 
with most of the impurities is removed. Therefore, the shunt 
resistance is higher and the term is lower after a subsequent 
diffusion. Table 4-1 gives the pertinent characteristics of two 
sets of cells. Set 1407 is diffused with N250C at 820®C for 15 
minutes, and set 1408 has had an overnight diffusion with N250C 
at 880®C followed by different etch times prior to the same N250C 
diffusion at 820 ®C for 15 minutes. Comparison of the two sets of 
data indicates several differences resulting from a prediffusion. 
Most important are a 10-mV increase in Vqc aud an improved fill 
factor with more consistent results within a set. The penalty 
paid is a reduced Ig^ and blue current The improved Vqc i-U 

explained by the lower the better fill factor is due to the 
lower Jrc* aud higher Rgy (Table 4-1). Since the diffusion 
lengths (as indicated by ly) are nearly the same, J( 3 p (that por- 
tion of J (3 from the p-type base) will be the same unless the min- 
ority carrier diffusion coefficient, D, is changed [14] . If D 
changes, an opposite change in minority carrier lifetime t is 
required to maintain a constant value of L since L * Vi^. If J(^p 


*JrC is the junction recombination current extrapolated back from 
Praax to V = 0 assuming n = 2. 
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Table 4-1. Uncovered Characteristics of a Set of Single 
Diffused Cells (1407) and of a Set of Double 
Diffused Cells (1408) 


ORIGINAL PAGE J8 
OF POOR QUALITY 



y of 7.0 corresponds to a diffusion length of > 240 
ured with covers lide which reduces Iy [16]. ~ 



is unchanged by the prediffusion step, then the decrease in 
must be a result of decreased Material improvement in the 

emitter and junction regions appears to be the mechanism respon- 
sible for improvement of Voc in the double-diffused cells 
fabricated under this contract. 


4.3 HYPOTHESES 

The double diffusion process used to fabricate cells 
with Vqc > 650 n'V had an influence that does not easily fit pres- 
ent models. If only a deep junction cell showed such a high 
voltage, then a fit to the general model could be made by assum- 
ing that the mobility m (and thus D in equation 3-2) in the 
emitter were somehow reduced. This hypothesis is supported by 
the observed loss in blue current which would result from the 
increased emitter transit time, which increases the minority car- 
rier concentration in the emitter and therefore allows a higher 
chance for carrier recombination in the bulk and at the surface 
of the emitter. 

If only a shallow junction cell exhibited high voltage 
as a consequence of the double diffusion process, then the simple 
model would suggest a reduction in S rather than mobility since 
removal of the bulk contribution term (Ws/t^ in equation (3-5)] 
is probably not adequate to cause the observed voltage increase. 
However, in the case of reduced S, the blue response would in- 
crease rather than decrease as observed? therefore, this hypo- 
thesis will not stand alone. 

Since 650-mV cells have been fabricated with junction 
depths of both 1.5 and ~0.15 pm, the possibility of other mecha- 
nisms must be examined. An increase of effective doping Nj^ in 
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equation (3-2) is one of the possibillttes examined. It has been 
pMpOsed (11 that the compensating acceptors in the f^mitter in- 
crease the bandgap narrowing in the n’+‘ layer. In the process of 
studying the doping profile of diffused structures r some support 
for this hypothesis was provided. SIMS data of 0.1 P-cm silicon 
diffused with Emulsitone N250C spin-on dopant (Figure C-1) indi- 
cated a very high concentration of boron at the surface. A blank 
silicon wafer with no diffusion or heat treatment was similarly 
measured (Figure 4-4) and no excess surface boron concentration 
was observed. A hypothesis is proposed that the boron buildup 
during the first diffusion is removed in the subsequent etch 
step, and as a consequence, the buildup during the second diffu- 
sion is reduced. Figure 4-5 shows such a reduced build up and 
also hints that out-dif fusion (perhaps with ^’emitter push”) re- 
duces the boron concentration slightly in^^'the layer beneath the 
surface. The first effect (reduced buildup) should lower the 
bandgap narrowing in the emitter surface layer and the si^cdnd 
effect (out-diffusion) could reduce the bandgap narrowing in the 

rest of the emitter. If the boron surface concentration ir 7iot 

j 

electrically active, other effects such as changes in minority 
carrier lifetime and/or mobility must be considered. 

In an attempt to simulate the undoping of boron from 
the wafer surface, high temperature oxidation was tried (Fig- 
ure C-2). However, no improvement was observed when solar cells 
were fabricated from such oxidized material. (A degraded bulk 
lifetime points to damage Introduced by the high temperature 
step.) A second attempt was made to reduce the boron surface 
concentration by using 2- pm, 50-100 P-cm, p-type, commercially 
prepared, epitaxial layers on 0.1 p-cm substrates. The wafers 
were made into cells with the M250C diffused into the epi layer. 
The base diffusion lengths of the resultant cells were less than 
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50 yro, or from times lower than cells fabricated from the 

same material without an epitaxial layer. 3incq open-circuit 
voltages approaching 630 mV were obtained in spite of the low 
value for several attempts were made to getter and/or anneal 
the material prior to, during, and after the diffusion step. 

Only minor improvement was observed. Sbme samples were processed 
with the epi layer etched off, and diffusion lengths were still 
low. The problem was attributed to substrate poisoning during 
the epitaxial deposition. 

The effoirt (as above) to provide verification of the 
influence of boron on the double diffused cells was not success- 
ful. Nevertheless, this hypothesis logically explains the data 
available. 

One of the early difficulties with the double diffusion 
process was control of the etch rate in a diffused sample with 
the 100:1, HN 03 :HF acid used. A well-controlled hydrazine etch 
allowed us to etch off thick layers (1-2 jjm) to within a few per- 
cent of desired thickness. The first double diffusion cells made 
using this process were almost exactly that expected from single 
diffused cells of the same structure; i.e., the voltages did not 
show the improvement and the blue current did not show losses 
expected from the new process. A possible explanation of this 
result [20] is that the long first diffusion of the double dif- 
fusion process stresses the material in such a manner as to sig- 
nificantly reduce the mobility in the emitter and perhaps beyond. 
There is evidence that differences exist in stress relief when 
usi^g acid etches as opposed to basic etches [26]. 
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SUMMARY 


High-quality shallow- junction solar cells have been 
fabricated on 0.1 n-cm float zone refined silicon using N250C. 
Use of a process similar to the NASA/Lewis double-diffusion pro 
cess has reduced shunt leakage and junction recombination cur- 
rents while adding 5-10 mV to the average open-circuit voltages 
obtained from our single-diffusion process. I-V analysis indi- 
cates that the junction recombination current has a small 
influence on open-circuit voltage and a more significant influ- 
ence on the fill factor. 
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5. I"V CHARACTERISTICS 

The primary effort in this contract was directed at 
increasing Vqc' It is desirable that the other I-V characteris- 
tics (which had been optimized previously) not be degraded in the 
process of improving Vqc* Such degradation could be innate to 
the structure or process or a result of non-optimized conditions. 
In only a few instances were the voltages enhanced if the other 
characteristics were not near optimum. 


5.1 SHORT CIRCUIT CURRENT 

Several structures which were designed to increase Voc 
resulted in lower Isc* 

a. In Section 3.1.2, it was noted that grid spacing has an 
influence on Vqc- Tbe finer grid spacing (required for maximum 
Vqc) increases the grid shadowing and, therefore, lowers Isc» 

b. MIS structures require a metallic layer over the whole 
surface, thereby introducing an optically absorbent layer which 
also increases the surface reflectance. (The actual Vqc at AMO 
was lower than the best diffused cells because the metalization 
was not optimized for optical transmission and no AR coating was 
applied. Section 6.1.) 

c. Double diffused cells with the best voltages also had 
reduced blue response (Section 4), 

d. Decreased base resistivity (to 0.1 f>-cm) was expected 
to reduce Ig^ as well as the base dark current by lowering both 
Ln and increasing (Section 2.4). However, we have main- 
tained diffusion lengths of 0.1 0-cm material at the values 


typical of 1-n cm material (set 1455). Therefore, further reduc~ 
tion in resistivity is expected to result in only a small de- 
crease in Ln and Igc a decrease in J^pr and an increase in Vqc' 
The limitation in base doping will be reached when is domi- 
nated by Auger recombination and/or when heavy doping effects 
prevent any further increase in effective doping, Section 2.4. 

Some structures optimized for Ig^ would reduce Vqc* 

a. A textured, (or nonref lective ) surface [27] improves 
light collection, but it also increases the emitter surface area 
and volume, and therefore lowers Vqc* 

b. Choice of different metals or use of transparent con- 
ductors in MIS structures can result in increased Igc but the 
work functions are likely to be less appropriate for high Voc- 

c. The use of Ta 205 (thermally oxidized Ta) as an AR 
coating provides the best optical coupling (when a coverslide is 
used) and also the best voltages obtained on diffused cells; how- 
ever, the negative charge trapped within the layer lowers Vqc to 
some extent. Use of slowly evaporated SiO (to provide a positive 
trapped charge) on a thermally oxidized surface has been reported 
to provide superior voltages in an MINP structure [11] . Unfortu- 
nately, SiO absorbs in the ultraviolet and does not have the 
optimum index of refraction for covered cells; therefore, lower 
Igc results. 

Some improvements in current collection can be made 
without incurring Voc degradation. 

a. Use of sawtooth coverslides [13] can increase the cell 
current by refracting light between the grids. This allows a 
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small grid spacing to be maintained without the penalty of in- 
creased grid coverage. (In permitting thicker grids, it also 
allows light concentration without series resistance and, there- 
fore, permits improved efficiency.) 

b. If MIS back contacts are effective enough to lower SRV 
in this region, then the cells can be made thinner (with possible 
increase in Vqc) back surface reflection, inherent in this 
^structure, would increase cell red response. 

Means of improving Igq in high voltage solar cells 
which do not hurt Vqc' therefore, include: 

a. Sawtooth cove rsl ides, 

b. Back surface reflectors, 

c. Shallow junctions, 

d. Wrap around contacts, 

e. MIS or low contact back layers, if lower SRV can be 
attained thereby, 

f. Charged oxides (front and back), if lower SRV can be 
attained thereby, and 

g. Nonref lective front surfaces, only if the resultant 
percentage increase of emitter dark current is not 
greater than that of the increased Isc* 
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b. shunt resistance (leakage currents) ^ and 

c. junction recombination. 

When using shallow- junction, low-con tact-area structures, all of 
these effects must be addressed. 

Series resistance shows up in several ways. A simple 
ohmic loss in the grids is the easiest to model. However, it is 
not a likely problem with the high grid density used in this con- 
tract (Section 3,1,2), An expected problem might be the 
spreading resistance in the shallow emitter layer since carriers 
have to travel further to reach the dot contacts than they would 
to reach bar contacts. The dot contacts are spaced at ~0,2“mm 
intervals so that the maximum distance a carrier need travel is 
~0,14 ram. This corresponds to a grid density of 33/cm which is 
more than adequate for almost any emitter with a surface 
concentration of lO^Vcm^. 

In low-doped emitters, the sheet resistivity is kept at 
reasonable levels by increasing the emitter thickness. However, 
a more serious problem is encountered with the low area, low SRV 
contacts used here. These contacts are non-ohmic, Schottky bar- 
riers and, therefore, are severely affected by lowered emitter 
doping which increases the barrier width through which carriers 
must tunnel (Section 3,3,3), Use of MIS or larger area contacts 
solve this problem. 

The change in illuminated I-V curve shape is different 
for each of the above cases. In the simple series resistance 
case, the absolute value of the slope dl/dV at the voltage inter- 
cept is reduced. In the high spreading resistance case, the 
curve shape at the intercepts is generally unaltered and the 
’’knee" is just "softened,'' almost as if an increased n = 2 
component were present [21], The Schottky barrier case provides 
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a soft knee and an "ankle” near the voltage intercept (Fig- 
ure 3-1). This shape is more often seen in cases where the back 
contact is improperly made on the moderately doped substrate. 

Shunt resistances are associated with edge effects and/ 
or surface defects (leakage-current paths). In shallow junction, 
heavily doped cells, the electric fields in the junction region 
are very high because the Debye lengths are so low. Under these 
conditions, leakage would be especially high and extreme care 
must be exercised in fabrication to prevent damage to surfaces or 
edges of the cells. Damage associated with the contacts (attrib- 
uted to thermally activated dissolution of silicon into the metal 
contacts) has been reported [28] . Our use of unheated, dot con- 
tacts removes this as a problem. We did find it necessary to 
edge-etch the wafers (after slicing) more than 1 mil to solve the 
problem of defects at the cell edges. The double diffusion and 
high-low emitter structures deepen the junction and reduce the 
junction fields; therefore reducing the leakage currents also. 

The leakage currents are not likely to be truly linear 
in voltage for any of these defects; but if they were, the effect 
on the l-V characteristic would be an increase in dl/dV at the 
current intercept and a reduction in Vqc* Most of the leakage 
currents are linear enough to display these traits. In a non- 
linear case, a "flat" spot above the knee of the curve (beginning 
at the break at about 170 mV in Figure 5-1) has been observed 
from edge damage and other point defects in the emitter of the 
cell. 

Junction recombination is a potential problem in shal- 
low junction solar cells because of the close proximity of the 
junction to the heavily doped and damaged surface and because of 
the field enhanced recombination which increases with the higher 
junction fields of such structures [1] . Contaminants gettered 
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towatd the surface or driven in from the surface during the dif-^ 
fusion step can contribute to recombination in the space charge 
region. It was observed that double diffused cells had improved 
fill factors (Section 4.1) even if all of the initial diffusion 
were etched off. Anodic oxidation and wet thermal oxidation of 
the emitter surface were both found to reduce the fill factor on 
shallow junction cells. This reduction is attributed to stress- 
induced defects propagated through the junction region, which 
increased both and cell lealcage currents. 

The effect of Jj. on cell I-V characteristics is that of 
softening the knee. When severe, this n « 2 term will dominate 
the curve and may significantly lowe Voc. 

The means of maintaining or improving cell fill factor 
without degrading Ig^ or Vqc include: 


a. use fine grid patterns; 

b. minimize surface and edge defects; 

c. reduce junction electric field (careful tradeoffs may 
be necessary here); 

d. keep junction clear of defects and contaminants from a 
heavily-diffused surface layer. 


5.3 OPEN CIRCUIT VOLTAGE 


The majority of this report is devoted to improvements 
ie Vocr so only areas of future potential are mentioned here. 

Use of thin epitaxial layers, to reduce the boron dop- 
ing in the emitter did not provide expected results because of 
poor material (Section 4.1.3). Nevertheless, this structure 
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should be beneficial for diffused MIS, and MINP cells# With 

the present limitations to Vqc of bandgap narrowing and high sur- 
face recombination velocityr sonde alternative approaches might be 
considered in future work. Instead of using heavily doped emit- 
ters, metal layers in MIS structures, or induced emitters in MINP 
structures to conduct current to collection grids, one might con-^ 
sider a different structure. A heterojunction might be as easy 
^ to fabricate as any of these earlier structures. The top layer 
(a wider bandgap material than silicon) could be extremely thin 
since, if it were very heavily doped for high conductivity, band- 
gap narrowing would only make it a better match to lightly-doped 
silicon. Exact lattice matching might be unnecessary because a 
thin oxide layer, as in the MIS structure, could tie up loose 
bonds. This new SIS structure could well be optimized in an SINP 
structure similar to that of the MINP cell. Attempts along the 
SIS lines have been made with amorphous materials such as doped 
SnOg [29] ; but semicrystalline or pOlycrystalline material might 
be more successful, particularly if it could be, at least par- 
tially, lattice-matched with the silicon. If the doping in this 
nonsilicon layer is graded properly, the only bandgap narrowing 
will be in this layer and the remaining source of dark current 
should depend primarily on recombination at the oxide 
interfaces. 

The SINP structure would in many respects be like the 
GaAlAs "window” on a GaAs cell in that the effective surface r^^ 
combination velocity would be reduced by the presence of a wider 
bandgap semiconductor. The wider bandgap assures a lower minor** 
ity carrier concentration and therefore lower dark current, ev0ii 
if electrical contact is made to the silicon rather than the non=» 
silicon layei*' Similar structures on the back surface could pro- 
vide excellent p"^ layer characteristics. 
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Means (present and future) of improving Voc Include: 

a. Reduce SRV (front and back) 

(1) dot contacts 

(2) MIS contacts 

(3) reduce interface surface state density 

(4) charged oxides 

b. Reduce bandgap narrowing from heavy doping 

(1) remove boron from emitter region 

(2) provide heteroj unction for highly conductive 
regions. 

c. If very low SRV is possible (from a and/or b) 

(1) reduce emitter thickness 

(2) reduce base thickness 
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6. SPECIAL STRUCTURES 


6.1 MIS STRUCTURES 

MIS structures in which the surface of a p-type base is 
inverted to form an induced n-type layer are innately interesting 
and useful tools with Which to study the oxide-silicon interface 
andf by comparison, diffused n’^'p structures. The dark current 
equations should apply to a good MIS structure as well as to the 
diffused junction structures. Deviations from these equations 
can be predicted in certain cases and can also be useful in diag- 
nostics. The base components should be unchanged and we will 
ignore them here by assuming that the contribution from 0.1 n-cm 
substrates do not contribute to our results. Equations (3-4) and 
(3-5) contain an effective doping terra Nj which has no meaning in 
an Induced n layer. However, bandgap narrowing in the emitter is 
considered to result primarily from electron-electron interaction 
[6] and an inverted layer hae the same number of electrons as a 
comparable diffused layer. An associated problem is Auger 
recombination which depends on the square of the electron 
concentration. Therefore, the major dark current contributions 
in MIS cells and diffused junction cells will have the same basic 
limitations (n|/Nj must be explicity written as poe^EgAT for the 
influence of bandgap narrowing from heavy doping effects). 

Some differences can be readily considered in the two 
structures. The diffusion profile provides a region of little or 
no field at the surface whereas the field in the silicon is 
strongest at the oxide-silicon interface in the MIS structure. 
This means that the electron concentration will be decreasing 
rapidly from this interface; and therefore, the emitter bulk term 
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[represente(3 by Wg/T^i irt equation (3-5)] will be negligible. 

The Auger recombination term would not appear explicitly in the 
dark current equations in this case, but defect-assisted Auger 
recombination would probably be the dominant term in defining 
SRV. In addition to the other recombination mechanisms at the 
surface, field enhanced recombination tlj will now have a maximum 
at the surface rather than at the junction. 

The n « 1 value normally associated with the emitter 
term may be greater than 1 if a potential drop exists through the 
oxide. This drop could result from trapped charge within the 
oxide and/ or leakage currents through defects in the oxide. 

Such a situation would reduce the electron concentration and 
field at the interface, thereby reducing the SRV (if Auger and/or 
field dominated) but the negative impact on the cell fill factor 
and voltage is increased by the higher value of n, An example of 
this is an MIS cell that when illuminated at 1, 2, and 4 AMO pro- 
duced Vqc*s of 629, 654, and 674 mV (cell 1455-15), The n value 
starts out near 1.5 and drops closer to 1 at higher intensity as 
the leakage current is reduced by lowered internal junction po- 
tential at Voc the trap population is shifted by increased 
illumination. Alternatively, local defects act in parallel with 
the remainder of the cell. At higher voltages, the n > 1 charac- 
teristic of the defect regions is decreased relative to the n = 1 
characteristic of the undamaged region. 

Other differences between the MIS and diffused junction 
cells are the relatively stress-free inverted layer compared to a 
diffused layer; the lower impurity and dopant concentrations at 
the oxide-silicon interface; the low fabrication temperatures; 
the lack of metal-silicon contacts; and the requirement for an 
adequately conductive layer and proper work function metal for 
the MIS structure. All but the last item are generally plusses 
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for the MIS structure. However, the lower temperature and lack 
of diffused layer can reduce the gettering generally observed in 
diffused cells; therefore, the base lifetime may become a limit- 
ing factor in MIS cells with high Voc* 

HIS cells were fabricated under this contract to com- 
pare, where possible, the differences resulting from diffusion 
process steps. Erbium metal (<^100 A) was used because it has a 
very low work function, c|) = 3,.leV [30]. Chromium ("50 A) was 
evaporated over the Er surface to prevent oxidation which would 
otherwise ruin the MIS structure. No attempt was made to 
optimize the cells by altering the thickness or composition of 
the metal layers or by adding an AF. coating. 

The highest voltage obtained on an MIS cell was 647 mV 
for a cell with Igc - 75 mA (AMO at 25®C), The saturation dark 
current for this cell was "2 x 10” ^ 3 A/cm^ v^hich is two-thirds of 
the value for our best n‘*'p cell of ~3 x 10“^3A/cm2, since the 
cell base is unchanged, che emitter current is seen to be an im- 
portant factor, at least in this dark current range. Addition of 
a lightly doped n^layer to the MIS structure will reduce the 
field at the interface and lower the maximum field intensities at 
any point in the emitter region. At the same time, it may allow 
a higher hole concentration at the surface itself and increase 
the recombination in subsurface regions of the emitter* 

Optimization of the MIS fabrication processing should 
provide an improvement over the results obtained here. However, 
preliminary use of light phosphorus diffusion of the MIS surface 
layer did not produce any improvement. Further work in these 
areas is recommended, specifically: 

a. Gettering of the wafer by P and A1 with subsequent 
removal of impurities by silicon etch prior to MIS formation; 


b. Improved surface conditions by repeated oxidation and 
oxide etch steps? and 

c. combination of steps a and b in a device that has a 
lightly doped layer beneath the metal-oxide layers but with low 
surface impurity concentrations and good bulk lifetimes. 

6.2 MINP STRUCTURES 

The MIS structure has shown improvement in dark current 
over the diffused n+p junction device. However/ a heavily-doped 
cap region on a lightly-doped emitter is seen to be more effec- 
tive in reducing J(j than an induced layer (Section 3.3.3) on the 
same lightly-doped emitter. If the induced layer beneath a 
charged oxide and an MIS structures are considered to be the 
same/ these results appear to be inconsistent. However/ if the 
hole concentration at the MIS structure interface is much lower 
than that at the induced layer interface previously described/ 
then the results are reasonable. This would occur if the inter- 
face field resulting from the work function difference between 
Er and Si is greater than that resulting from an external posi- 
tive charge on a Ta205 AR coating. These interface fields can be 
increased by reduction of the AR coating thickness and/or nega- 
tive charge. Green et al. [11] have accomplished this by use of 
oxides (e.g./ SiO) which have positive charge incorporated during 
the evaporation process. The resulting charge is much closer to 
the interface and more charge can be stably contained in a layer 
than can be achieved by external charge deposited on a surface. 
(However/ the surface must now be protected so that negative 
charge does not accumulate and reduce the interface fields). If 
the positive charge sites are thermally stable and high enough 
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above the Fermi level in the silicon , they will not migrate nor 
be compensated by electrons from the emitter. With their config- 
uration [113 t a low work function metal is no longer required to 
induce an emitter and, therefore, can be replaced by an AR coat- 
ing to improve the optical coupling of light into the semiconduc- 
tor. The contacts must still be MIS structures to maintain the 
n'*'p junction. 

A limitation of this MIS gridded, induced- junction 
structure is surface conductivity, since carriers must now flow 
beneath the surface to the collection grids rather than tunneling 
through an oxide to the metal contact. The inverted layer, on a 
heavily-doped p-type substrate, is very shallow, and charge 
transported along this thin layer will probably encounter severe 
surface scattering and other effects which reduce the conduc- 
tivity of the layer. Lightly counter doping the surface layer 
will increase the number of electrons available for transport to 
the grids (a small effect), but more importantly, it will reduce 
the intensity of the electric fields which force the current to 
interact so strongly with the surface. 

Green et al. have found that doping the surface layer 
also increases Vqc; but doping it too heavily lowers the Vqc of 
this "MINP” structure. They optimized the doping level at a 
value which minimized the surface recombination velocity; but in 
the theoretical analysis of this level, they assumed bandgap nar- 
rowing models for heavy doping effects which our work indicates 
are incorrect (Section 3.3.3). Vqc should, therefore, be greater 
at emitter doping levels beyond those experimentally found to be 
optimal by Green, et al. Why is there a discrepancy? We believe 
that heavy diffusions contaminate the surfaces and, theref<Sf’e, 
raise the SRV? reduction of the surface fields below a cel^fcaln 
level may increase the capture cross section of surface 
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and/or the Debye length in the heavily-doped surface layet is so 
short that holes can tunnel through the field barrier to the sur- 
face states. 

The importance of the MINP structure (beyond the fact 
that the highest values of Vqc reported have resulted from it) is 
that it provides a low SRV contact (an MIS structure) and a low 
oxide-silicon interface SRV. Improvements in this technology are 
expected along the lines set for MIS cells (at the end of Sec- 
tion 4.2). However, dot contact cells with the same oxide- 
silicon structure should be equivalent since the critical factor 
is the SRV of this oxide interface and is, therefore, independent 
of the contacts. Additional improvements might be possible by 
the use of appropriate ion implantation into the oxide [251. If 
the radiation damage from implantation can be annealed from the 
oxide and the net positive charge increased beyond that possible 
from the evaporated oxides of Green, et al,, then the SRV should 
decrease and/or a higher doped n+ layer may be optimum. 

Success of the MINP cell has verified our model (y^hich 
indicated that SRV was the critical limitation in high Vqc cells) 
and pointed to a means of removing a major limitation. However, 
before significant improvements in solar cell voltage can be made 
beyond that obtained in MINP structures, it is likely that simi- 
lar improvements must be made on the back of the solar cells to 
provide a low SRV back contact [19] . Based on MINP success in 
the emitter, there is hope that negatively charged oxides (Ta^Os) 
with dot or MIS contacts might be successful in providing a p+ 
back layer that is effective on 0.1 J2-cm substrates. If such is 
the case, 700-mV silicon solar cells may still be attainable. 
However, if bandgap narrowing in heavily doped (> lO^o/cm^) 
p-type is greater than that in n-type silicon (Section 3.4) these 
structures may be no more successful than those already tried. 
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7. CONCLUSION AND REMARKS 

Gettering (Appendix C) and low temperature processing 
techniques have provided 0.1 solar cells with diffusion 

lengths comparable to those in 1-2 n-cm material. The possibi- 
lity of maintaining these results on lower resistivity material 
(p < 0.1-Q-cm) is worth investigating (Section 2.4). 

Attempts at achieving effective p'*’ back contacts on 
' 0.1 0-cm material were not successful (Section 2.1). Bandgap 
narrowing as a result of heavy doping effects appears to be the 
major cause of this failure. 

The emitter dark current appears to be the major 
limitation in present 0.1 fi-cm solar cells (Section 3.2). Band- 
gap narrowing from heavy doping and surface recombination are the 
main sources of this current. 

Use of low area "dot” contacts removes the metal- 
silicon interface as the major contributor to surface recombina- 
tion (Section 3.1.1). MIS contacts would have a similar effect 
(Section 3.1.3). 

Surface recombination at the oxide-silicon interface 
has been reduced by use of static charge on the anti-reflecting 
coating (Section 3.2.1) and by use of electric fields created by 
an MIS structure (Section 6.1). Charged oxides, as used in MINP 
structures, would have a similar effect. 

Bandgap narrowing in heavily doped n-type silicon is 
found to be less than predicted by the more pessimistic of the 
present models (Section 3.3.3). The results for both n- and p- 
type silicon are in agreement with the data of Slotboom and 
DeGraaff [8] (Section 3.4). 
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The highest Vqc obtained for diffused n"^p 0.1 J2-cm 
cells was 654 mV at 25°C under AMO illumination (Section 4), The 
saturation dark current for this cell (fabricated using the 
double diffusion technique) is = 3 x 10"!^ A/cm^. 

MIS cells, fabricated with erbium metal have displayed 
lower dark currents than those obtained on the best diffused 
cells. The best saturation current computed was J(jj = 2 x 10“ 
nA/cm^ . 
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tvldincc fi; priivldcd iupporl » modlrirallun iif inlir nil thtory lo Includr lh< (kld-ciiluiiccd 
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depth, Mathilda are propuacd for rtdacinii t|it ma||nltu<(c of both dark carranla lu Improvr ovarall vail par^ 
formanca, 


Inlruduction 

C lassical theory of Ilic p-n junction so|«r I'ctf ftrciiicia 
a ntonoionic increase In op«n-clrculi voliagc and 
conversion efficiency aviiti subalrale duping up to ihe 
saiuralinn SDltibility limjlJ However, uiicnipls to improve 
ilie output of cells intended for leriestrlul use liy Ineiciisliig 
the substrate doping densiiy have not been successful. Ac* 
cording lo lies and Soclof,^ tlic open’Circtiit vuttuge displays a 
maslnium as a function of substrate duping density in the 
range of lO'’-|0'Vcm ', und the conversion efficiency pcui,s 
at a doping density slightly less than lOtVcm V. 

Two different suggestions have been advanced to explain 
the fall-off in open-circuit voltage and efficiency with in- 
creased substrate doping. RittnerLs has proposed that the 
recombination dark current in the junction enhanced by the 
thermal counterpart of the Franz-Keldysh effect Is respun* 
liblc, Oh the other hand, Lauwers el u|,’ and Lindhulm cl 
a|,* have found experimental evidence fur an anomalously 
large n-region diffusion current component in solar cells with 
a substrate resistivity of 0.1 0-cm (equivalent to a duping 
density of about 4 x IO'’/cin’)< More recently, Redfield'’ has 
attributed this high diffusion current to Auger rccombinaiion 
in the heavily doped diffused region. 

The purpose of this paper is lo examine these proposed 
explanations by further elaboration of the theory* and by a 
new experimental approach which separates llie various 
components of the dark current. The results furnish con- 
siderable Insight into llie origin of the higli-diffusion duik 
current in the highly doped n-rcglun, and it is concluded tliui 
both this current and the field-enhanced reeumhlnuiion 
current are important In limiting the cfficleney of present 
solar cells. 


Theoretical |)lscussi(m 

The solar cell theory presented in Ref. 4 consists of tlie 
following equations (corrected for previously undeieeied 
errata) fur the current density vs voltage reluitonshlit o| u /i-n 


Kcceiveil Jiity 2K, 1977; icsIshhi leeelscd Jmi 9, 19KI, ( iiptiighi 
Aitietiean Institute of Aermiiiulles aiul Aslrotiiitilies, |ji>. , I9SI sll 
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'file lirsi term on the right-hand side of Eq, (I) represenis 
Ihe recombinaljon dark current density in the Juneilon 
enhanced by high Held bandgap narrowing; the sceond term 
represents the diffusion dark current density in llie n- and p- 
regions of the cell; and the last term // represents the short- 
circuit current density generated by the light. The nolailou Is 
us follows; r/ is the electron charge, k is the l)olt/,niiiiin 
constant, T is the absolute temperature, p, is tlie iuirinsic 
Carrier density, and r,, and r„ arc the hole lifclitnu in the n- 
tnaterlul and electron lifetimv In the /t-inaleiiul, respectively, 
rite electric t’leld at the junction is denoted by t',' AL',. Is the 
energy himdgup decrease caused by the eleeirie Held; /» Is the 
l‘!aiiek eonslalit; m,, and in., ate the effeetive iimssvs lor 
.elevlioiis mill holes, respeetively; und p„ and u„ iiie tlie 
ilieimiil equilihrnmi nilnoriiy earlier deiisiiies In the «< iiitd p 
i.vpe miiieritils, respectively. l> is llie diffusion eoiislnnl, / is 
ihediftiision lenglh,,Vis the surface leeOiubinalion veliieity ol 
Ihe niimiriiy carriers, und und M',. are ihe ihiekiiesscs ,vl 
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me fi« oiiil /i-iypa re*ioiis of the Ulode, f cspeolvcly. Suhscrlplt 
/) and n refer )o ininofliy carrier holes and electrons, 
respeeilvely, In the following detailed discussion of these 
c<|iioflun v, several new points of Importance are highlighted. 

Htet>n<lilnBli«M (‘vfffiil (Jft 

The voltage dependence of the current density Is not given 
simply by Ed. Oi with J,„ constant because t’ and At', also 
depend Upon the potential drop across the junction. Since this 
potential Is the difference between the applied voltage and the 
btilll'ln potential, It Is necessary to include these dependencies 
in accurately fitting jt-h’ characteristics, 

iriffuwd n»gl«a atlaiifliy Carrier l.lfcilmr tr,. j 

The coefficient tnulliplylng the exponential term Irt Eq, (2) 
is the well-known result of the Sah, Noyce, Shockley <SNS) 
theory* for dark current recombination In the Junction for 
rccombliuition centers near mid-gap. Equation (2) is an 
tipproxininllon appropriate |o undamaged silicon cells, The 
SNS theory assumes a single recombination center of uniform 
dciiSliy N, throughout the junction and neutral regions. 
Hence, is the hole lifetime corresponding to N, In heavily 
doped n-maierlaL However, the experimentally determined 
little lifetime In the n-reglon will generally be much less than 
the of the SNS tbeoryi this can be aliribuled to either a 
higher recombination center density In the rr-reglon than In the 
/)-subsiraie (from high temperature diffusion) or to Auger 
recombination'' in the highly doped n-matcrial. For example, 
the hole lifetime In the n * surface region of conventional 
silicon solar cells deduced from a dead layer thickness of 0.1 S 
(im Is of the order of 10 "O’ 5,t" whereas the value of In 
Kef, 4, which produces excellent agreement between theory 
and experiment. Is 10 * s, 

Kni’tgs Hand ISrrrntr Mi , ) 

The dcrivailnn of Eq, (2) assumed that the ihcrmal haiidgap 
simply shirts to lower energy with Inereusing electric field by 
an amoum equal to the Optical bandgap narrowing. Values 
for the latter qu.inthy were taken in Ref, 4 from (he 
nicasurcniems of llrlisyit and Smirnov" on a silicon p-n 
jimcilon. Although these dam fit the /;*•"' dependence of llic 
Trunz-Keldysh theory fairly well, closer examination lescaK 
lhal the proporllonalily fnclor Is nn order of magnitude 
higher timn the qininiliy In hrnckets in Ih). (J), Alicrnativelv, 
the viihie of the reduced elTeciive mass jliq, (4)| must he 
ncitrly three orders of ftiagnliude lower ilian the presently 
aecepicd e.sliic In silieort to permit agrccincm with theory. 
Hence, it Is qucslioruihle whether the l‘r«n/-Kcldysti cITcel is 
the physical basis for the relatively targe optical bandgap shift 
ohserved by Itritsyn and Smirnov " and earlier by Hnmakasva 
el al.'-' Accordingly, the ilcld-enimnccd reeomhinalinn sslll 
no longer be referred to us the "l•ran/:.Kcldysh cl'feci;" 
howeser. the Itritsyn and Smirnov experimental results will 
sill) he used to determine values of At', for Pq. |2) by using an 
eri'cciise mass In I;q, (,t) of 6,35 x 10 kg, 

It ' Regiim iWffusImi Cufffnt I 

I lie diffusion eolurihuilon'to the dark current density in the 
/(■region was negleeied in the higher resistivity cell*, of 
Ref, 4 hucniisc the dark current from the bulk was so 
much higher than Howcs'Cr. i.indltolm ei al.*' luive 
espcrimcmally foond an aiiomnlously large J,i^ In solar cells 
ssiib a highly doped subslraic. Thus, an cxaminutlOrt of the 
magnimde of for all base doping levels Is required, 
litiimiiim (5) is genernlly valid; however. It Is necessary to 
define more elOscly lt\, tire thickness of the //-feglon, and to 
em|)hasi/c the appropriate saloes of //,, and .V,, tir he tised in 
(hiseqiiatiotf. 

In the usuiil iheoiciical treatment of the //-/i juneilon, the 
inrn’iioii reuion is lumdled us ilimigh its ihlekness sSefC In- 
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finliesima), since the space charge extension into the 
respective neutral semiconductors is geiterally small compared 
to the thickness of the neutral regions, However, in shallow 
jtmctioi! solar cells this Is no longer true for the surface 
region, The work of Tsai on the diffusion of phosphorous 
Into silicon has Shown (hat the phosphorous diffusion profile 
takes the form Idcallied In Fig, I . 

The depth of the constant portion of the profile K', is 
directly proportional to the dirfuslon lime, whereas the 
posiiUm of ilic junction with respect to W',. Is proportional to 
the square root of lime, Thus, beyond tF,. the spatial variation 
of the doping conecnlration produce.s a space-varying 
poienlial which merges with the Junction potential. This 
region, which in shallow junction cells may far exceed FF,.. 
shmdd he treated iis jfUft of the junction as in Ref, 4. Thus, 
the tismd boundary condition 


p »//„<•'/' S' (6) 


applies at the distance 11', from the .surface^ t-athcr than at the 
edge of the normally calculated depiction region (IFy 
M'n ), Although the hole lifelimc In the constant composition 
region may be very low (c.g,, 10 i" s) because of Auger 
rccombhialion, the condition I is fulfilled, ,slm- 

plifyhig the first term on the righi-hutid side of Fq, (J) to 



sr//»,|f>„( 


-Sjf (0,,tt'/LJl' 


(7) 


Mlnwltj t nfrlcr .Xurfatr Htro/nM/ixMiiii Veludly I.V^ > 

rife necessity ofcimiaeilng the from surface of the cell with 
ft ineliilllc grid cstubjlslics regions on the surface with ex- 
trciticly higli surface rccomhination velocity, Such excellent 
sinks for minority carriers will produce a high diffusion 
grudicill leading 10 a relatively high diffusion dark current, 
flierclorc, F.q,.l.7) must be applied separately to the surface 
area eomaciw by ineiallirailon and to the scmleonducior 
surface area covered with aniirericctlon coating and the 
corresponding valuc.s' of J,n must be ealcidaled with ap- 
propriate siihics Of, S', ,, 

The mii.xlnuim pos.sihle surface rceomhination velocity of a 
perfect sink Is klneilitally Ihiilicd to" 




5Sce Xppemlis A far a mmedcinlleil discussion, 


ORIGINAL PAGE iS 
OF POOR QUALITY 


JAN.-FEB. 1981 SHALLOW JUNCTION SOUK a-M EITTCIENCY 


where m Is (he effecilve masi of (he miiiorliy carrier. The 
value of Sp for metallic coniacis lo n-i>llleorb can limit be as 
hl|h at 3.8 K 10^ cm/s. which is about three orders of 
maanltude higher than the value •• of S,, for silicon heavily 
doped with phosphorous and covered with iheiniully grown 
oxide, In practice, perfect ohmic contacts are not achieved, 
and (he value of S,,, which may vary with dlffcrem inetuls and 
processing, will be lower. Nevertheless, considering (hut a 
significant fraction (typically 5*/t) of the cell surface is 
covered with metallic contacts, Inclusion of iheli effects In 
Eq. (7) could increase (he value by more than ati Order 
of magnitude for shallow Junction solar cells, 

Mlaoriir Carrier Dcaiiiy (p^) 

Petermlnatlon of the value/),,, for use In Eq. (7), from the 
commonly employed equation for nondegcncrate material of 
doping density /V,,, 

/t„)*«rVri„ss/i,^/.V, (9) 

may produce a large error for tieavily doped silicon beeaiisc of 
bandgap narrowing, Fermi degeneracy, and fractional 
ioniaation, If the high doping concent ration in tiie region 
lowers (he energy bandgap by 6£’,, the value of (he Intrinsic 
carrier density Is increased to rr,'^ where 

( 10 ) 

Neither experimental nor theoretical dctermimillon of 
bandgap narrowing in heavily doped degenerate mutcrlnl Is 
straightforward. The scanty experimental data iisailahle for 
heavily phosphorOuS'doped silicon (2 x 10*" /cm ' ) range l‘ri»m 
■90 mV (Ref, 16) lo 6E. *170 mV.'’ A theoretical 
prediction for uncompettsated degenerate material willi this 
doping density is «• 182 mV, Compensated acceptors In 
the diffused region will also increasep,,. 

Fermi degeneracy and bandgap narrowing alter tiie lorm of 
Eq, (9), so that one must use Eq. (ID. derived from Ref, !9 
(noiaiion ehanged slightly) and Eq, (10). 

(II) 

where 


m, is the effective mass of the electrons, £'/ Is the inverse 
Fermi function of order Vi, Fj is the partition function for 
material of sufficiently low dopln;!! density so that m„ is iO' 
variant with IV,/, and h\. is the conduction edge of the Iteavy 
doping narrowed bandgap, 

In general (he evaluation of Eq, (I I) for a given value of A*,/ 
is ambiguous since, to determine n„, several assumptions 
must be madci the position of the Fermi level 6’, or of the 
donor level with respect to the eonduetion batid edge, the 
shape of the band edge, the donor state degeneracy, and the 
effective mass of the electrons and holes, tiowcvcr, the 
problem is somewhat simplified, since Eq, (?) requires a s aluc 
for P„ only In the constant composition region >1',,. and tliere 
are experimental data for n„ arid m„. 

An n ' layer diffused with phosphorous at 820*C sliould 
have a surface conecturation near 3x IO*"/em'," Imir and 
Tsai*" report an ''elecirically iicllve" doping lictisiiy of 
I.H X l()*'Vcni ' for tliiv sin face voncentraluin. II M„ ts 
assumed to be this eleeirieaily active eoiiceutrutioii, then only 
u reasonable value of Is needed to dciennlnc /'„ iitid then 
1 ), The Increase In the experimental values of///,, th.il occurs 
with donor density is assumed to iitvorporak' mis eliaugc ill 
hiind edge .shiipc, U\iiapoluiiou ot uceuiniilaied data*' to 
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tv 

Mg, 2 .Samulr (lulgul ot eiimpUIrr curse (Ittlrig program lltustrating 
measurert tiaia, t'ompuler til to INIs data, reenmNInalloo and ittrtoston 
eiiiopmitflis of dark lurreol, shuni Irakagr, and ntasimum poMrr 
|iolnl. 


,V,, «3 X 10*'7em* gives a range for//i„ or(|.8a:().2)//i„. Use 
of the experimental values for //„ and m„ gives a value for K, 
of 54 ±8 niV above the conduction band edge. In Eq. (Ill, 
both and are based on the low doping values for m„ of 
1,2 //!„. Viilldulioil of the assumptions is discussed in the 
results utter is deicrniined, 

'fhe denominator in Eq. (|l) can be compared With ,V,„ 
which is generally used in place of n„ in Eq, (9), When 
esalnaied for )♦', , 

/V’«^7(^^j)x/0-‘"/ein* 

rite close agreement With ,)x l()*'Vcm' implies ihai. for this 
range of N,i, bandgap narrowing calcnluiioiis', which iin> 
justifiably use Eq, (| 1) with S,i liisteud of are still likely 
to be within cxpcrimcniul error, Equation (II) Is .Mnneilmes 
rearranged** to define an effective doping density LV,,, 
o /*„exp(tr - is,)) so that //„ » t/'/A/,,, . The value of />;, when 
corrected for Fermi degeneracy and bandgap narrowing from 
both acceptor and donor concentrations, is two to three 
orders of magnitude larger than the uncorrceied nilnorliy 
currier eoneenllalion in heavily doped silicon. The largest 
factor by far is from the bandgap narrowing due to donor 
eonccniraiion. 

Expcrimcniil Method 

The modified theory* exhibited good agreement With dutn 
obtained on solar cells with substrate resistivities of lb und 2 
()-cm, rcspeeilvely. To test the theory critically at higher 
electric fields it ltd lo examine the diffusion dark eurrem lit the 
//•region, shallow Junelion solar cells with a wide range of 
substrate resislivilfes, varying grid eoniaci ureas, and dil< 
fering dit’fnsed junction depths were fahricpled. 

TJte primary data consisted of ilie current vs volinge 
cliaraelerisile (LV) under AMO Illumination from which the 
dark l,V ulmraelerislie was deduced by subtracting the phuioii 
generated eurrem, A computer program provided a least- 
squares I’ll to a modifieation of Eq, (l) which inehides the 
series and shunt rcsislancesi! 

/ = /,„(i‘V'' „(t""' w,t.«r„/) 


s||ie piogiiin) ulili/esi tliv ImII ‘'N/' lorui.ilisni to/ llie viili.ige 
,lv|ifiiilvnl imiinlitiiiiiiiili vmieiu /„ , bin lor nmsi tows llie u’miIiv 
, iiv iiidisiinginvIi.ihleliomilioMMisiiU' 1 1 | l2l. 
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30 

5 
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As a first approximaifon , » value of K, was deiermfned using 
the graplilcaj method of Wolf and Hauschenbachi’’ and data 
points were taken from the l-V curve, A least-iquarcs fit was 
made, varying the values for l„„ fj„, and R,*, To delermlne a 
"best fit," H, was incremented to obtain a maximum 
correlation cocrfldent. 

The set of values for /?,», and H, that provided the 

highest correlation was then chosen for furilier analysis. 
Typical correlation coefficients were about 0,9999, The best 
fit value of Hi was usually within 0.02 n of shccxpcrlmcmally 
determined value, The “fitted" had little cITcci on 
determining the values of and and was lypieally within 
20?« of the value calculated from the slope of the reverse I^V 
characteristic, This method was Judged superior to direct 
measurement of the unlHumlnaied characicrlslic, for which 
the junction and base recombination rales may differ from 
those of the Illuminated case, This method Is also more 
rigorous than the previous experimental test,t since the dark 
current terms are determined from a fit over the entire LV 
characteristic rather than just at the maximum power point 
and the open-circuit voltage, A sample output of this program 
is shown in Fig, 2. 

The after-processing value of the bulk doping was verified 
to be Identical with the starting material by four-point probe 
measurements on samples from which the junction and 
contacts had been removed,** The maximum ciceiric field In 
the junction region (for use in determining the ficldlinduccd 
bandgap narrowing) was calculated by using the abrupt 
junction approximation and substituting for the depletion 
width in the n-rcglon the junction depth minus the depth of 
the constant concentration portion of the profile It',, The 
change in forbidden bandgap was taken from tlie data of 
Britsyn and Smirnov" for fields wilhio their mcusiired range 
and from an extrapolation of these data for higher 
fields.tt The value of •♦'r was determined from iliu data of 
Tsai" for the diffusion time and lemperuiure employed in 
Individual cell fabricaiton, 

Results and Discussion 

Shallow junction cells were fabricated from p-iype silicon 
with resistivities from 30 to 0,12 ll-em to exiimllic solar cell 

**CapaL'liaitcc methods of delcr'liilltliK base di>|i|iig arc mU as 
reliable for heavily doped material sinec ilie depletisMi width nieliides 
the diffusion profile, 

ItUrilsyil and Smirnov deierniirieil the iiiereose in lire optinil id' 
sorpiloH eoefliciem us a rimenon of wuselciigiti ,ind asciiu'e vie.iti- 
field in the juneiioii. Pependenee of eneigs sliill on .isetage Held It ig 
2) was reported for a waselengih "in iliesnmiiv'' m I jim " \i die 
Ihresllold Wiiteleiiglli of I 12 nni, lire tietd mdond meigv shill i, 
tiswer, I'otiuiionsly liy an uinotnu siieli iliai use oi tiie ini'sinnini Inid 
at this wavelen»ili produces lire same energj sliill utipei'l llienseiape 
field at I jini. 


efficiency limitations, Higher substrate duping resulted in an 
Increase In they,,, term (from the higher junclion field) and In 
a decrease in the J^,, term (from the reduellori In ii„) as 
predicted by theory |Eqs, (2) and (5)1. Since the y,/„ term in 
the lower resistivity range WaV niiieh greater ilmti J,i/i, 
J,i%i Eqs, (5) and (7)) dominal'jd. However, |( was possible to 
reduce and thus J,/„ sufficiently, so thal J, heeame llie 

domiimm term In Eq. (i) at i'w' 

The process for lowering ,/j.v consisted of reducing lit) grid 
coiiiaci area from 5 to O.I4'/o of the total area, Table f lists 
the calculated values for djp (based on represcniaiisc 
measured values of and the experimental values of 
for various subsiraie restsiivliies and grid comael areas. In the 
0,12-ll-cm, 5'/o grid area case, J,,„ is more than an order of 
magnitude higher than which can therefore be ignored; 
hence, Reduction of the grid contact area by mote 

than an order of magnitude lowers itic value by more ihnii 
a fiteior of 2 fur the 0, 1 2-n-cm cells. This is also rericcled in a 
lO’inV gain in k'„,.,Thus, the effect of the 5*/» iiielal eoniuci 
area on is greater than that of the 95% oxide urea, In (lie 
2.H-em case, dpnilnaic.s Itm J,i„ term; however, lowering 
the contact area stitf reduces 

The following quanlliallvc information can be cxiraeicd 
from the data of Table It bandgap narrowing from I lie heavy 
phosphorous doping; bandgap narrowing in the dilTused 
region from compensating acceptors; surface recombination 
velocity of the mcial-sllleOn Interface S’„; and siiifnee 
iCcoirtbinallon velocity of (he oxidc-slllcon interfuee S',,, 
These four terms can be obtained from ilie vuiiies oi J,,„ 
occurring in the 2- and 0,|2-n-cm cells of differing eoiilncl 
areas. The contributions to from ihcscparalc .surface cea 
coverages (grid and oxide) and the n * layer provide foni 
independenl cquaiipn.s leach derived from liqs, (.<). (7), (9), 
uiul (10)1 hill with five unkiiowns, The fifth tniknowo K /„. 
for the 2-U-cm ease, (In lhc0,l2-ll-enrease, J,i,, is sulficieiillv 
.small .so that the Iheurcileal value may be used.) .Since n]i- 
pro.xlnia!e values for two of the unknowns, ,V„, and .V,„, c-Slsl 
in (lie ilteraiurc, a range of value.s can be established lor ilie 
bandgap narrowing, from which a Scir-cunsisteiti itoige ni 
values fori>,„ and 6'„, can be deduced, 

Coilsiams Used In llievvaliiiiilon arc ((•', -“SO HI 
s (from Auger rccombiiiallon for I.Hjv IO’"/ein*|; 
D., « 1.3 cm^/s; und ;»,» |, 2 x 10'"/om ', The estimated sulijc 
01 ,V„, was 5 X 10* em/s ba.sed on two properties obsetveu (or 
the TOjO, -silicon 'inlerfua'".- The qiianlum yield ofisivlar 
cells with Tu»0, amirefleeilng eoaiings can approach 0.9 at 
3ii0 nm, Iiidieming a low suriui.e leeombinmloii velocity 
Also, itie Mirfaec state deiisiiy induced hyiliefinally giimn 
la>0« is liiglier Ilian ilmt in the best Iheriniilly grow it siliiim 
(Invsides vvhieli have sni lace nvomhinaljon vcliiciiiev t>t ilic 
Older of 10 ' cm s, t he hieraiiire viihies for an iippei iiimi lU 
siniace reeomblitaiion veloeiiy lot iitelal on lieavily doped n 
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i|rp« mMcoh wt ■Mimm 10* CM/I ** In ihr iHt 

v«hM of Ihc Mulacc rct'OMbtnMKM vctociiir fm ■ O kt m 
M«(H« S, , cic«(0*4 llMl of tf, uMd on iMt ccwiki 
( cNi of ToMc I WmM iNc oiiuiiipiHin that S, , M iMmc io ihc 
Hppft IMUI of 10* CM/I, • vohM of S,, ■ ) ■ 10* iM'l »■» 
fof the HHiMl vtluc of Ihc Sl'To coMaci lotfacc 
racoMbinalKNi »ciocM|r. 

A wuque ftMuic of ihti analyiii M lU bandfap aaiiooinp 
coMrihvtMM M ihc icim rctitliiiif fioM ihc iOMpcniaiinf 
accept oit rcmainiot w ihc a ' rcgioo aficr ihc dilUiMM of 
p hoiphofotii MMo a lobiifaic oiih a hack|ii>uiHl dupiiif of 
4 k I0”/cm' hoccM Morii l oMpacnon of Ihc 2 U<m oiih 
Ihc 0 12-0 -cm ccili cMaMuhci ihii haiiOoap naiiuoing at 
llo J mV. It Coriccimo ihc daia fiom ihc 0 12 0 cm edit lot 
ihn effect CMaMiihct itto mualioiM oiih ihicc unknottat 
loOcpcndcni, ukccuivc uic of ihc iwlacc icuHnbinaiioii 
vdocliict of S^aSalO' cm/i and S^, ajKlO* cm/i 
providet upper and looci hmui for heavy photphuiuut 
cooccniialion bendaep naiiowini of kf, • Ihn mV|| and 14) 
mV, icipcciivdy The atetage td ihr taluct, 1*2 mV, it 
tignificanily lowei ihan ihc ITtl mV provided by I iiidholin d 
al *, hotteter, ihcii ictulit, on U I U em mairiial alto 
unkaooingly included ihc bandgap nariutving liom ihc 
compcntaiing accrpiurt The nan anelyvee ciuncidc uhvn an 
II mV corracliun lor cumpcncaliiig acccpliHv it ctuphiycd 

The taluct in ihit analytiv lor bandgap naiiouing iii me a ' 
region from dcMtort and acccploct |4l',a|)2aU mV and 
4t, ■ llo) mV) yidd tdf conutlcni toluliont fui 7^ o( I V 
* 0 2 R 10 '* A/cm* iTabIc I) and for lajO, St, la Si, and 
C't-Si Inicrface turfacc rccombinalion vclociiict of 
S,.-7a2RlO', V,. a4al»IO', and V,,a7a2w|0' 

cm/i, icipeciivdy Thctc valuer aic not loo differcni fiom ihc 
milial aiiumpiiont and depend upon a compaiivon of 
ihcoidKal and etpcrimcnial valuct of p, A check for tdf- 
conuticncy in ihc bauc premitct contitlt of ctamming ihe 
dcicrmincd bandgap naiiouing, Ihc idalivc potilHW of t, 
and donor kvdt, and liaciKmal loniralion 

Bandgap nariotting of *1)2 mV from a domu cim- 
ccniraiion of ) a IO*/im' will lower ihc conduciion hand 
edge by al kati TO mV, bui by kti ihan 1)2 mV The Teimi 
kvd hat been ihcordically ddcrmincd lo be • )4 mV above 
Ihc band edge, and ihc doma kvcl it 44 mV iRel 21) below 
the inUiiytic band edge. Therefore, ihc donor kvel it beiween 
2T and lOI mV above ihe lowered band edge, and f, it from 
22 mV above ihc donor kvel lo )4 mV below ihe doota kvel 
If all ) K IO”/cm' photphorouv aiomt are ekcirKally aciive 
and only 404V are lonie^, ihe Termi kvd would be * I or 

■ 2) mV above ihc donor kvel depending on ihe diaua 
dcgcncricy (2 or 4, rctpcclively) For iniernal coniitiency of 
Ihe model, 60^ fraclional lonwalion impliet nearly even 
diviiMNi of Ihc bandgap narrowing If ihit it Ihe cate, Ihen ihc 
hok effective matt m, and corrctponding pariiiion lunciion 
may be mereated, ihereby reducing ihe value for 4F., by up lo 
)mV. 

If Ihc lower value fur t, it uted, 9)*V of ihe ekciiKally 
active phoiphorivut m ihe M, region muvi be naii/ed, and 
IO*/cm' photphorouv alomv muti be nonaciive Ipcihapt 
pracipiiaicdl Precipiiaiion or oiher meant of inaciivaiing 

■ )04V of Ihc photphoriiuv impliet lhal bandgap narrowing 
muti affect only ihe conduenon band edge The bandgap 
narrowing uted in Ihit analytic produced fracluvnal iiNii/aliim 
and pI valuct which are contitlcni wiih ihe ctperimenial 
rctaht for both aclive and lotal photphorouv cunceniraiuvn 
Beiler knowledge of ihe tplil in bandgap naiiowing heiween 
conduction and valence band edgev will provide mme vpecifK' 
infnrmalHvii at lo ihe fraclnmal Hvni/aiitm and conceniiaiHHi 
of Ihc ekclrnallv aciivc photphorouv 

ttAddilHMial data telv weir uted lortiablith ihiv laiiyc. ahkh it iIh- 
vaiwcat leporlvd in Mel 24 lia heatier attepioi tompeiitaiHHi 

llllwt vaiur agrrrt wiih iIm- iiprt*i limii iiiditaitdbi tviHtiiiMiiial 
wufli in Rrl 2* 


laMrl Uepeudeme al luatOMi leeaiablaaMMi 
lawiai an tkiiiw Wat4lama)aartlin 
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The value of /r, dependt on data lot n, from diffution into 
kvt heavily doped p ly|» tilican. II ihe bandgap narrowing 
from ihcaccepUNt were divided evenly between ihc bandv |ihe 
wurti cate), ihc donor level would inctcatc by a V mV rdaiive 
lo Ihc conducinm band edge Thit would lower p, by * IO*V 
and iiK reave 42, * ) mV 

ll It inleicviing lo note lhal Ihc etpcrimcnial ctprevvnm ol 
Sloibuom and detnaaf'* few nondegeneiaic, p iypc tilwim, 
when etirapolalcd lo )KlO*'cm', yiddt 44, • 144 mV 
compared lo ihe 1)2 mV prcdKled here Iim dcgenciale n ly|w 
mairtial Ihrii prvdKinm IcN an acvcploi coitcenlialHMi ol 
4 a III'’ cm ' It 44 a 2) mV, whkh it lUH fai liom uui levuliv 
liH Ihc cimiiibuiiiin lo band gap narrowing from com 
pcnvaiing accepiorv Alto, in comparivon lo ihc above 
meniioned revulit, turfacC lecombinalion valuct fur SK), Si 
and Al Si inlerfaccv ol )x|U* ctn t and )nlU' cm v, 
rctpeciively, have been deduced from etperimcnial revullv ** 

Amiihcr group of ccllt wav labiicalcd in 0 12 U cm /> lypc 
maieiial which wav difluvcd fur Ihrce dillercnl iimev lo vary 
Ihc lunciiun depth and therefore the luncinm field I o« 
retiviiviiy, 0 I4*ii coniaci area ccllt were choven lo increatc 
Ihc (uncinm field and lo minimi/e ui lhal icatonahic 
accuracy couM be obtained for J,. labk 2 vhowt ihe dil 
luiiim lime, ihe average ekcirH li^ in ihc junclion ai 
and lit reciprocal, ihe eiperimenially deiermincd field 
enhanced lunciion recombiruiiiun cuiieni al and ihc 

conihined field dcpcndcni lermt in Fq |2). 

Ihe etpciimcnlally deiermincd valuct fiH J. iiKieave with 
iiK'i'ating ekclric field Thu liend it oppotiie lo ihc f/4 
depe-Kknee predicted by SNS iheiny alone |lq I2| with ihr 
handtiap narrowing term removedl. The cumi'ined field 
depemicni term (lati column of Tabk 2) increavev wnh in 
creating field, in qualiiaiivc agreement wnh the behavior of 

A 

Quaniilalive agreemeni requirci a value of r,, of tcveial 
nanoveenndt and a tmall dcctcatc of r, with lunciion depth 
If field induced bandgap lowering were not lo occur, ihc 
range of r, required lo fii ihc data would etcecd an order ivf 
magnitude and abtoluie valuct would be much luo low lo he 
cimvivieiil with Shockley Read levonibinalion uted in Ihe SNS 
ihvvMy 

Reduction of the eicciric field and contcquenilv J, im 
provev hiHh ihe open circuil voltage and etpecial ihe fill 
laviiM in low retitliviiy tolar relit where it no longer ihe 
limning lacior The field enhanced lunciion recombinaium it 
Ihe ihcimal counierpart of the obveived field induced optical 
haiidgap narrowing'"* and procidev a logical and et 
priiiiienially convivienl model of ihc volar cell iuhciuhi 

f ’iinrSutlunt 

A vound etperimenial loundaiion liav been cciahlivhrd liu 
iIh- piii|iovcd lield enhanced iuikiioii recominnaiioii * fin 
liiyli viiilavc recoinhinaiiiin ol iIh- iiieiallic coniaviv on iIk 
I roiii vuitace Imv heen ideniilird at a iiiaicu vouice ol ihc 
dilliivimi dark current in the highly doped vurtacc I'.-rioii 
lliiv vuircnl heconu'v iiiiporiani Im vhallow luihiioii >ellv ai 
vuhviiaic levivliciiiev below ahmii 2 II ciii Haiidg.ip loweiiiii' 
III iIh' licid lice n lyin' vurlavc caiived by hiRli doi’iny o an 
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MUfatiMM ma'iriMM «f iKm Mtwuom nttrcM m 

far Mff«MMitMM raratu H«a«t m ilir taArtrait 

••fWaatat (m »tM m J^\ kv bandfap and I, 

ky Utrrmttd rhtiiit ImM« laroatpirtr tomustum uf kuatwt hi 
< k* k nkfy dop a d a fagioa aad a liaW liar ittHia akkk h 
aMKk iktaaaf ikaa ika iMictioa daiMk arr al*o latportaiM m 
daiaraMaiRa Ika diffatioa daik cMiaM Fmallt, maikodi ha>r 
kaaa daai fa pad and aipafiawaiallv »arifiad l« ika ladaiiHM 
of koik Ika diffiHMNi and ikr hmkihmi laiiHOkiiiaiian daik 
carranu m kna ratHUrMii MlHon lotai cclli in ixdrt lo 
m kam r ika tf ficiaiKy . 

App a nd U A 

For ikaltua tanclion vaNt, ikt fiaM atwniaird aMk ikr 
rapid (aM'Off m doping i-oncanliaiHin (an kryund N , tan kr 
larta and ohi pmaiiait ika tf, tt$ion a« iktian hi f ig I |i 
man ikan ka dalar minad ahatfm N , H iha appruiNiaic Junva 
of dMiania horn ika laifai'a (or ika apidkaiMHi of fii ikl 
Tka buandaiy cihhIiihhi h kighly inicnniiia lit ikix ikaair iH 
duianca, Mnca ika puirrHial laiiat iHaiiirHi Imkr mai M _ (wa 
Fig lldatpiia ika putviMa paaian^a of a %ii»ng akiUh liaW 
Ahkoagh kuluiiia laaomkinaiion m ika kigh (lald ragiiNi of 
H', ikaaM formally conirikaia lo ika J, larm, lacnmkirung 
carriart will ka«a lurmoaiHad ilM (all kariiar kaigki tkai. 
Ika dapandciKa of ilia coninbaiion lo ika dark lurrani upon 
vollaga «ariai at a*' " and it indminguikliakla at 
parlmanuli) (lom ika irrm 

Jan kayond tf, , ika tilualion it timilar atvapi ikai ilia kola 
lifaiima incraatat rapidly wMk ditian<.a11 at Augar ratom 
kmaiKNi kacomat latt iignifKani; ika (Hdr tuntaniiaiion »t 
only ikgkily graaiar Ikan Ikal in Ika kaavy doping kandgap 
narrowad tarlaca ragion Tkata lacit inditair ikai latiNit 
kmalKMi M tignifkanily raduiad hi ikit ragnm. and ut 
awimaitd coMrikalMm lo ika dark turraiH iiiypkall) only 10 
20% of Ikai from ika N, lagion Tkut, ika ditianca M’, 
appaari raatonaMa for ika atiani of ika n * ragion for Hta in 
Egi (11 and (T|, al laaH until maatuiamrni pracitiuo and ika 
daiaaminaiion of olkar paiamaiart ara graailv improtad II 
Ikit coniiani compotiiion layai wara lamotcd |H 0|. 7^ 
would noi ba raducad kacautr p, | in Kq (7|| would ka kigkai 
and Ika ratuliing S, coniiikuiion would ikaralura ba laigai 
than Ika loial 7^ larm pr or lo ramotal ol M , . 
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APPENDIX B. BACKGROUND TO THE CONTRACT 


The following sections are from the contract proposal 
and provide the framework of the problem as viewed at that time 
(5/79), In retrospect, the frome^'ork is intact but it appears 
that special structures are necessary to overcome the limitations 
found in the surface recombination velocities of the 
oxide-silicon interfaces Sqx the pp"*" layer Spp'*’. 

The equation, page, and figure numbers refer to the 
appendix only, not the malor portion of the report. The refer- 
ence numbers have been ntiotlifled to fit t)»ose of the report. 
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2 . THEO R ETICAL MODEL 

Figure 2-1 gives the solar cell structure used in the 
following analysis and proposed work. The basic cell should have 
a shallow junction (Wj^ < 0.2 or at least << L /Dp) to 
assure the high blue response necessary to produce the 
I__ = 45 mA/cm* goal set forth in the RFP. The separate 

Bw % 

influences of the metallic grid contacts and the oxide AR coating 
are indicated by the surface recombination velocities and 
The contributions of the back contact and layers are lumped 
together and represented by an effective surface recombination 
velocity Spp+. 

The equations following Figure 2-1 are expressions for 

the current balance in an illuminated solar ceil. The term 

represents the current contribution from generation or recojnbina- 

tion in the junction region; J- is the contribution from photon 

generated minority carriers; and J . is the current from the N 

and P bulk regions, from the oxide and contacts on the N layer, 

and from the P^ layer and contacts. The individual contributions 

to Jj from the N and P regions are expressed in the approximate 

forms pertinent to th"! conditions necessary to fulfill the 

contract, for examijjo ion.T cifrv^>ion length, thin N region, 

perfect P^ hack contact, and low oxide surface recombination 

velocity. The stated assumptions reflect these conditions plus 

one limitation, the high value for S„. 

m 

Figure 2-2a indicates the doping profiles of a typical 
1.0-O-cm P - P^ solar cell. The dashed line indicates the 
effective doping level N* that results from band gap narrowing 6E 
[1] » [6] , [81 represented by equations ( 2-10 )-(2-15 ) . The effective 
values nj, n*, and pj must be used in equations (2-3), (2-5), 
(2-7), and (2-0) to obtain realistic values of and J^. 
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Figure 2-1. Solar Cell Structure and Terms 



J — — kJ ^ 

(2-1) 


Jr = “ i) 

(2-2) 


Jro qni (kT/q) (tt/ 2) /ipinE 

(2-3) 


Jd = (JdP + Jdw) - 1) 

(2-4) 


J^p = gCn^D^) (Wp)/(L„)2 

(2-5) 

(assumes 

low Spp+, Wp = Wp - W^p, and >> Wp) . 


\ 

■^dN “ ‘^dNox + 1^1 ^ ^gr id) / (^tot aljj 

(2-6) 


JdNox “ ^Po^^ox 

(2-7) 

(assumes 

that Wjq << Lp / Wn = Wj 4 - W( 3 M / and Sqj^ < Wjq/Xp) 

1 . 


JdNm ” gOpPo Sm/(Dp + WNSn\) 

(2-8) 

(assumes 

that Si„ >> Wiq/Tp). 



noPo = nf 

(2-9) 
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Figure 2-2a. Donor and Acceptor Doping Profiles in 1.0-n-cm 
Silicon Showing the Effects of Band Gap Narrowing 
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I) Eg(mV) s; 9(Mn(N/NQ) > /iMniN/N^)!^ + 0*5 ] (2-10) 

. Y 

6E (mV) S 22.5 (WVIO**)*/’^ (2-U) 

V ^ 

A Eg (mV) - (h^E/2n^!l (2-12) 

, Where 

N ~ impurity concentration 

= lO^Vcm® f 

N", ~ ionized impurity concentration 
m* *2 effective mass necessary to fit the data of 
Britsyn and Smirnov * 



n* - 



(2-13) 

nf/H^ = 

(2-14) 

nf/No = nJ/N* 

(2-15) 


Figure 2-2b gives the electric field stren > (E) 
throughout the and depletion region* Curves showri.g the 
influence of heavy doping (HD) only as well as that of electric 
field induced band narrowing (FI) only are overlaid to indicate 
the changes in electric field in the flat region in Figure 2 -2a. 

Based on the extreme gradient in donor doping conGantra- 
tion Nj^ Figure 2-2a and the intense fields in Figure 2-2b^ 
equations (2-7) and (2-8) must be modified, A simple but 
effective model [1] has been proposed in which a field- free 
region (Wf^), where E < 2 kV/cm and a drift-field region (W^|>), 
where E > 2 kV/cmf are defined. All photbgenera ted carriers'^ in 
are collected and this region is considered to have a 

’ . * ■ ■ ■ 
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negligible contribution to since the minority carrier 
lifetime in is much greater than that in Therefore, W^£ 

is substituted for in the above equations, yielding: 

■^dNox - ®o<Sox + WffAp) • <2-16) 

® 9VS ^ A) (2-17) 





X(//m) 

Figure 2-2b. Electric Field in Junction and Regions 
Produced by Doping Profiles of Figure 2-2a 
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5, SOLAR CELL OUTPUT LIMITATIONS 


Three cases are examined to indicate present expeirimental 
dark current values and those required to achieve a 700-tnV cell* 
Table 5-1 contains these calculations and the inherent assump- 
tions.' The first case assumes that ^ 0 and that the best 
experimental value measured for of 8 x 10"^^ A/cm^ is 
obtained. These values permit a maximum of 636 mV. The 
second case assumes that = 0 and that the best experimental 
value for of 3 x 10“® A/cm^ is obtained. These values allow 

a maximum V^^ of 731 mV and indicate that is not the voltage 

limiting factor. 

The third case is used to compute the necessary values 
of and to obtain 700 mV if Jj. and are equal at this 
voltage. The required value of = 3.3 x lO”^^ A/cm^ is 

significantly lower than the value of =; 8 x 10“*^ A/cm^ 
expected from a 0.025-cm thick 0.1-Q-cm cell with a perfect p"*’ 
back contact. This value of includes the band narrowing 
provided by equations (2-12) and (2-13). Equation (2-5) shows 
that reduction of the cell thickness will allow J^p to be reduced 
to the necessary value, assuming that is negligible. It will 
be difficult to obtain << J^. However, if can be 
reduced by one-half by increasing L^^ and/or by decreasing Wp, 
then the condition s J^p might be easier to achieve and would 
also yield V^^ = 700 mV. 

Table 5-2 gives the values of J^, and at several 
voltages based on the values of and from Case 3. At 
(''600 mV), Jj. dominates; therefore, the diode quality factor will 
be -''2 and the fill /actor will only be '''0.76. It is necessary to 
reduce by an order of magnitude to provide a fill factor above 
0.8. Reduction of J^. by simply increasing the junction depth, as 
in Figure 3-4, will increase Therefore, less 

straightforward methods must be used. 
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.Table 5-^/1. Idmltiny CnsoH for Shallow Junction 

Solar Cel Is 


Case 1 


Assume that ■ 0, 45 mA/cm^ 

Use the best experimental value for 
(8 X 10” 1 3 mA/cm2) 

Equation (2-4) gives Vqc “ 25,7 mV £n (0.045/8 x 10“3.3) 

Voc * 636 mV 


Case 2 


Assume that Ja - 0, J)i = 45 mA/cm2 

Use the good experimental value for Jro 
(3 X 10“° A/cm2) 

Equation (2-'2) gives Vq^ * 5,14 mV P,n(0. 045/3 x 10"^) 

Voc = 731 mV 


Case 3 


Assume that at 700 mV, Jj, * 45 mA/cm2 

What values of Jdo and Jr© will give Voc * “00 mV? 
700 mV * 25.7 lln (0.045/2Jdo) =51.4 ?,n (0 . 045/2Jro) 
Jdo = 3-3 X 10"^^ A/cm^^ 

J::o * 2.7 X 10”8 A/cm2 


Table 5-2. i Relative Values of Jr and Jd 
as k Function of Voltage 


V 

Jd 

Jr 

(mV) 

(mA) 

(mA) 

700 

22 

22 

600 

0.46 

3.2 

f0.0|. - . 

0.009 

0.45 
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Another goal of the contract is to obtain Jg^ = 45 mA/cm^ 
at AMO. This current density can be collected only if NR cell 
surfaces and/or sawtooth cover-slides are employed. The use of 
an etched surface would not only increase = v/g^, but also 
and Jj,. The consequent reduction of and FF could only be 
overcome with a major effort. Multilayer AR coatings and saw- 
tooth cover-slides may be used to increase without altering 
and Jj,. This latter approach is simpler but does not offer 
as great a potential (see Figure 1-1) as the etched surface 
combined with the sawtooth cover-slide, 
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6. TECHNICAL APPROACHES 

This section discusses organized approaches to the 
problem of increased The term will be examined first 

since must be lowered by more than an order of magnitude to 
attain’ a V__ of 700 mV* Figure 6-1 indicates the three major 
contributions to that must be reduced and the various means 
for achieving this goal. Means for reducing J^p are indicated in 
equation (2-5). Success of the program depends on achieving a 
low value of Spp+ relative to Pjj/^n assumed in this equation. 
COMSAT is presently working on a contract to provide a perfect 
back contact to a range of base resistivities from 1-1000 O-cm. 

The extension to lower resistivities should be reasonable 
since is larger for more heavily doped material. A recent 

process of inducing an accumulation or depletion layer by use of 
charged oxides [iijis quite promising; however, the behavior in a 
radiation environment must be closely examined. 

Reduction of the bulk term [equations (2‘-6 ) / (2-16 ) ] , 
and (2-17)] is parallel to that of the term. However, it is 

more important that W££ be reduced than for shallow junction 

cells. One major difference between and is that the 
region is generally introduced into a P-type substrate. Therefore, 
band narrowing from heavy substrate doping will add to the band 
narrowing introduced by the heavy doping necessary to form the N"*" 
layer [1],[7] Use of epitaxial or out-diffusion techniques are 
means of avoiding or decreasing the compensating acceptor coficen- 
tration, thereby reducing the band narrowing by 15-25 mV for 
0.1 fi-cm base material. 

Reduction of Sp has been standard practice at COMSAT 
since the Violet cell was introduced with its oxidized Ta 2 Qs AR 
coating. The resulting low value of and relatively low value 
of (Gr^Ta-Si) permit the shallow junction structure necessary 
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LOWER Wp 


Figure 6-1. Methods for Lowering J 
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for good blue response. A patent issued to COMSAT in 1976 [12] 
provided a practidal means of reducing metal contact area for 
low- resistivity solar cells. 

Methods of Ipwerilli' *^ 2 :' Figure 6-2, are 

based on eguations (2-3), (2-12), and (2-13). The most important 
in each case is the reduction of the electric field in the 
juncticn region. Epitaxial growth techniques can be used in all 
three methods, Ion implantation may be useful for tailoring 
doping profiles in the junction and surface regions. 

The use of less heavily doped material in the junction 
region has two benefits. The electric field is lowered (by 
increasing the depletion layer thickness), and the band narrowing 
from heavy doping is also reduced. This latter effect, for J^, 
has not yet been proven and may not be as important as it would 
be for J^, The reduced importance could result from the depen- 
der:^*^ of on n* rather than ni^; but for a diffused junction 
heavy doping exists from both N and P layers increasing two 
to three . times more than an undoped region. 

Junction profiles must be established which reduce the 
maximum electric field in the junction and yet guarantee collec- 
tion of carriers from the cell surface, even after irradiation. 
Deep N**" layers are particularly susceptible to this problem 
because of the high radiation damage coefficient. Junction 
depths in excess of 2 pm may reduce J^ but would increase the 
radiation sensitivity. Some of these ab^foaches have already 
been exploited; variations and combinations are proposed for this 
contract. 


iter 
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Figure 6-2. Methods of Reducing 
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APPENDIX C. GETTERING PROCESSES IN SILICON 


The large bO(3y of diffusion length data, accumulated 
during this contract, has provided an opportunity to test some 
models of getterlng, or the process of attracting Impurities to a 
sink. Neither the Impurities themselves nor their sources are 
identified, but are Important in reducing bulk diffusion lengths 
in silicon. It Is possible that the source of thesf; Impurities 
is characteristic of fabrication (the lab, the solvents and the 
processing) rather than the material itself. If this is the 
case, the observations made here may not pertain to other facili- 
ties and operations. The material used in this work was gener- 
ally 0.1-n=cm Wacker Float Zone Refined ailicon. However, some 
use was made of 1-n-cm material and no difference was noted in 
the getterlng results. 

It is hoped that this appendix will be useful to those 
people interested in maintaining or obtaining long lifetime in 
silicon material. More detailed studies (e.g., with DLTS) would 
be important in confirming these models. 

f'-. 

C.l BORON GETTERING 

An exhaustive study of boron doped p*^ back layers was 
not carried out; however, some interesting effects on the minor- 
ity carrier diffusion length (Ln) of these cells were observed in 
comparison to aluminum p'*' contacts. Table C-1 indicates an in- 
fluence of temperature on gamma current. It is difficult to sep- 
arate the effects of diffusion length and p+ layer on the gamma 
current unless the p+ layer is stripped off and an ohmic contact 
is subsequently added. However, when this procedure is carried 
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out on kl bacHed cells F the variations in gamnda current appear to 
depend more on L|^ than on the p*^ layer. This dependence implies 
a gettering effect from the A1 which might also be expected from 
boron. 

Table C-1 lists the gamma currents resulting from vari- 
ous fabrication processes utilizing a boron spin-on source (Bmul- 
sitone 0317D). An essential step in these processes is the long 
(16 hr.), low- temperature (450®C) anneal. The boron doped glass 
does not anneal silicon as rapidly as does the molten aluminum, 
in fact, other data (Sections 3.3.2, G.3, and Cj 4) Indicate that 
high temperature (950®C) diffusion steps actually lower L^. The 
anneal step, therefore, removes the dasjage resulting from the 
diffusion (perhaps stress related) and further getters impurities 
from the bulk. Comparison of the four groups in set 1411 indi- 
cates that: 

a. long term diffusion with 03170 removes some defects not 
gettered by a short diffusion, 

b. aluminum getters very quickly, and 

c. aluminum getters right through a deep boron layer. 

This set was hot annealed, so that the influence of the diffusion 
itself could be observed. The indifference of ly to the nature 
of the boron p"*" layer is seen in the cells of 1403 which have 
different diffusion conditions and, therefore, different p"^ layer 
thicknesses (1500A vs 3800 A). 

The variation (±5 percent) of ly in cells processed 
identically within a given set is less than that between cells 
processed Identically but in different sets (the extreme values 
of sets 1403 and 1423-3+8 barely overlap). It would appear that 
variations in processing or conditions in the laboratory from set 
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to set ere greater than variations within the material or the 
conditions during a given fabrication step* For this reason^ 
whenever possible, process changes are incorporated so that com- 
parisons may be made within a set rather than between sets. The 
data of set 1423 emphasize the benefit of aluminum alloyed 
through a boron p+ layer and show that the low temperaturef 
lengthy annealing of the boron diffused cell is not as effective 
as the addition of A1 on the back during the short diffusion for 
the n+ layer. 

Normally the boron source is applied to the wafer with 
oxide present on the front face to guard against contamination. 

In order to simplify the process, some cells were fabricated 
without the protective oxide. Although two of three cells iri, 
this case suffered front surface contamination, the set Cl431) 
had some of the best diffusion lengths obtained during this 
contract. The differences between set 1431 and the other 
sets in Table C-1 are the lack of a high temperature step 
(1050®C/30 min) and the lack of a thick surface oxide during the 
boron diffusion step. The relative importance of these two dif- 
ferences, in determining the diffusion length of boron diffused 
silicon, is unknown. However, since the nature of the boron 
doped p"*" layer (extreme thickness in set 1433) did not appear to 
influence 1^, and because it was found that A1 can more quickly 
and reproduceably getter bulk silicon, boron investigations were 
dropped. 

C.2 ALUMINUM GETTERING ^ 

The previous sections and tables indicate that aluminum 
is an excellent getter (probably the best). A probable reason 
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for this has to do with the facts that silicon dissolves in A1 
and that it is liquid at a low temperature. As the silicon goes 
into solution, it generates vacancies which diffuse through the 
silicon wafer and thereby enhances the migration of impurities 
within the wafer. The Si-Al eutectic alloy provides an active 
sink for impurities which are thus prevented from building up on 
the silicon surface and rediffusing back into the wafer. The 
liquid state (or mixture of liquid phase and solid phase) allows 
ready migration of contaminants to the outside surface where they 
are incorporated into the growing crust of oxides. The possibi- 
lity of stress relief by the liquid ami low stress during cooling 
(as a result of a relatively malleable alloy if the maximum alloy 
temperature is kept reasonably low) may also be important, 

In contrast to the Al alloy process, a glass or oxide 
on the silicon surface (even if molten) may bind impurities close 
to the Si-glass interface where impurity-oxides are first formed. 
In addition, the glass is probably a net sink for vacancies 
rather than a net source as postulated for aluminum. A vacancy 
sink provides a gradient which will increase the concentration of 
some impurities about the sink and/or draw impurities put of the 
sink. This can be seen by envisioning the mobility of some im- 
purities as increasing with vacancy concentration. These impuri- 
ties will move rapidly until they reach the low vacancy area of 
the sink where they slow down. If the vacancy sink contains im- 
purities, they are likely to migrate out along the vacancy 
gradient. 

An alternative to the metallic aluminum or glass 
sources used to form p+ layers is an aluminum paste which can be 
silk-screened onto the back of the silicon wafers. An aluminum 
paste, as used commercially for p"*" back contacts. Is an excellent 
getter for three reasons, First, it generally provides more Al 
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for the Si to dissolve into than an evaporated A1 layer. Second, 
it has a high concentration of oxides and/or frit which slows the 
migration of silicon through the melt and thereby provides a more 
continuous source of vacancies (and probably a higher net vacancy 
capability) . Third, the oxides and Jrit provide bin^^ing points 
for the lettered impurities thereby lowering the concentration of 
mobile impurities which can diffuse back out of the Al-Si alloy. 

A potential problem is purity, both in the material and the 
application process. 

High purity aluminum is desired for an alloy source SO 
that it will not contain impurities that could contaminate the 
silicon. However, thicknesses in excess of 0.5 |jm have been 
found necessary for optimum lifetime and this thickness of pure 
aluminum is found to "ball up" during the high temperature alloy 
cycle. Evaporation of A1 from a resistance-heated crucible 
provides layers with a pale gold finish which is stable but non- 
contaminating. Following the vacancy generation model and the 
Si-Al phase diagram, it is apparent that at higher temperatures 
more silicon will enter a given thickness of aluminum than at 
lower temperatures; thereby, within limits, increasing the 
vacancy population and the gettering capabilities. This effect 
may be seen in Table 2-1. At lower temperatures, thicker layers 
of aluminum and longer alloy times would be required for the same 
gettering capability. 

C.3 PHOSPHORUS AND ARSENIC GETTERING 

It has been known for a long time that phosphorus is a 
good getter* It has been proposed [Cl] that phosphorus diffuses 
by vacancy interaction and if the heavily doped surface region is 
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an active source of vacancies then a gettering mechanism like 
that of A1 could be expected. A major difference in timing would 
be predicted, however. The aluminum alloy process would generate 
the highest concentration of vacancies in the beginning, decaying 
to a relatively low equilibrium concentration, whereas the P dif- 
fusion process would probably show an increase in vacancy gener- 
ation with time as the heavily doped "dead layer” is created on 
the surface. Evidence to support this model comes from PH 3 dif- 
fusion runs (1395,6,7,8) where gamma currents decrease with de- 
creasing diffusion time (10, 7^ and 5 min.) at 840®C and (30, 

15 min.) at 810®C. Since all cells in these runs had the same 
aluminum alloy cycle (at 880®C) prior to the phosphine diffusion 
step, no interference from the A1 getter source Would be 
expected. 

Most of the cells fabricated under this contract were 
diffused with Emulsitone N250C emitter dopant, which contains 
both phosphorus and arsenic. Excellent diffusion lengths were 
obtained with this material, although the best values of ly were 
obtained when the diffusion time exceeded that required for good 
shallow junction cells. 

In an effort to optimize the emitter, variations in the 
composition of the standard N250C were tried. However, varia- 
tions that were observed in diffusion length indicated the com- 
plexity of the bulk gettering problem. Sets 1448 and 1449 in 
Table C-2 are 1 n-cm, 10 rail cells that have been diffused with 
lower concentrations of P and/or As than that of N25QC. The low 
phosphorus, reguJ.ar arsenic mixture (LoP/RA) has a phosphorus 
concentration of only 1/40 that of N250C. The low phosphorus, 
low arsenic mixture (LoP/LoA) has both P and As reduced to 1/40 
of that in iH250C. Since the surface concentration is lower for 
these mixtures a higher- temperature, longer, diffusion is 
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Table C-2. Gamma Currents of 1 n-cm Cells 
That Have Been Fabricated with Different 
Emitter Dopants and Schedules 


Set 

No. 

Cell 

No. 

lY(wA)a 

Treatment 

1448 

1 

2 

7.9 

7.9 

LoP/RA 16 hrs. 900 °C 


8 

9 

8.3 

8.5 

LoP/LoA 16 hrs. 900 °C 


4 

8.5 

LoP/LoA 16 hrs. 900 ®C 


5 

8.4 

+ LOP/RA 3 hrs. 900 ®C 


6 

7.9 

LoP/LoA 16 hrs. 900 “C 


7 

7.8 

+ 2xAs 3 hrs 900®C 

1449 

1 

8.7 

LoP/RA 16 hrs. 850 °C 


2 

8.4 

+ 


3 

8.5 

LoP/RA 3 hrs 850®C 


5 

8.4 

LoP/LoA 16 hrs. 850 ®C 


6 

8.2 

+ 


7 

8.2 

LoP/RA 3 hrs. 850 ®C 

1454 

3 

8.1 

2xAs^ 6 hrs. 900®C 


5,6 

6.5 

2xAs 16 hrs. 900“C 

1422 

1,2 

5.0 

As^^ 1050®C/7 min. + N250/820^ 


5,7,8 

1.7 

As 1050“C/7 min. 


data corrected for decay of gamma cell. 

^^The arsenic source should provide a surface doping 
concentration of 2x10 ^O/cm^. The 2xAs source has twi 
the As concentration in the spin-on dopant. 








required to obtain ajppropriate junction depths* The ly data in 
Table C-2 indicates that in the 900®C ranger the LoP/LoA mixture 
(which has the same ratio o£ P to AS as N2hOC) is superior to the 
LoP/RA mixture (1448-8 >9 vs lr2). This is not totally unexpected 
since the relative concentration o£; P and As in N250C has been 
optimized for low stress in the silicon diffused layer. However 
at 850 ®g (set 1449 )r the difference is much less and may, be re- 
versed (statistics are not sufficient to assure this last com- 
ment). In the lower temperature ranger the getter ing rate may be 
the limiting factor in determining diffusion lengths and intro- 
duction of defects by stress may be inconsequential (ly for both 
groups of set 1449 is high). If stress from the diffused layer 
is a probleffl at the higher temperatureSir then a prior diffusion 
is seen to block it in the case of the LoP/RA mixture (1448-4,5) 
but not in the case of a high concentration arsenic diffusion 
source (2xAs in 1448-6,7). Arsenic spin-on dopants are observed 
to severely damage bulk lifetime if diffused at high temperatures 
(set 1422). The damage cannot be completely healed by a sub-^ 
sequent low temperature diffusion with N250C and Al. At lower 
temperatures (950®C) the As diffusion does little damage and 
little gettering or a balanced amount of both. Experiments were 
not carried out directly comparing the effects of P and As at the 
same temperatures. The trends for P indicate that ly increases 
to about 850 ®C and then decreases with increasing diffusion tem- 
perature. The arsenic diffused cell data also show ly decreasing 
as diffusion temperature increases and the trend lines of the two 
diffusion sources could well overlap or even join. However, it 
is unknown if and where the As diffused cells will display the 
peak in ly as observed in P diffused cells. 
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C.4 OTHER PROCESS DEPENDENT INFLUENCES OH ly 

A strong indication of the getterlng ability of the 
N250C formulation is displayed in Figure C-l. The SIMS data 
shows the profile of As, B, and P(+SiH)* for a standard 820*, 

15 min. diffusion. The B is strongly concentrated at the surface 
by the diffusion, whereas in Figure C-2, which is a high temper- 
ature (1050*0 oxidation step, no such buildup is observed. In 
fact, a drop in B concentration may be observed near the siirface 
from out-diffusion into the oxide. This is gettering into the 
oxide rather than into a diffused region. These results are dis- 
cussed further in section 4,3, but an issue here is the values of 
ly for such treatments. Attempts at high temperature (> 1000 ®C) 
gettering (with wet oxygen or TCE) prior to standard low tempera- 
ture diffusion resulted in cells with values of ly which were 
always worse than those from comparable untreated cells. We 
feel^ therefore, that high temperature processing introduces 
defects and/or impurities which cannot be completely gettered by 
the steps that we normally use. In addition, the gettering 
ability (at least for some impurities) of the oxides is less than 
that of P or As. 

We have seen how high temperature conditions can 
strongly influence getter rates and ultimate diffusion length. 
Unexpected results have also been observed at low temperatures 
(set 1401): 


a. for cells with emitters from an N250C diffusion, but 
with no aluminum on the back, an overnight anneal (450*c) is 
found to improve lyi 

*The resolution for these runs does not separate ^®Si 4- from 
31p. 
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b. however r subsequent oxidation of tantalum (525*C for 
10 min) on the surface (to create the Ta^Os anti-reflective 
coating [C2] ) reduces ly) 

c. addition of a l-ym layer of Al and heating to 325*C re- 
duces ly for cells coated with Ta 205 but raises ly for cells 
coated with tantalum metal. 

The possible implications are: 

a. M250C continues to getter at low temperatures and/or 
the bare back surface acts as a getterji 

b. material drawn to the surface by the gettering action 
of N250C can be rapidly redistributed when Ta is oxidized on it 
or a contaminant in the Ta very rapidly diffuses into the bulk; 
and 

c. low temperature heating of Al on the back of the cell 
serves to draw contaminants from the oxidized surface into the 
bulk (on its way to the Al) and draws contaminants from the bulk 
(that are not replaced from the surface if the Ta metal still 
binds them there). 

The first implication could indicate that the overnight 
anneal required to give acceptable results on boron doped cells 
might provide gettering to the emitter rather than to the p+ 
layer. A study of annealing in boron diffused wafers prior to 
application of the emitter cpuld be interesting. 

The second implication has support from studies of 
tantalum thermal oxidation, where it has been observed [C3] that 
silicon diffuses into the Ta or Ta 205 during the process. As 
silicon dissolves into the Ta layer gettered contaminants bound 
to the silicon surface could diffuse into the metal and also back 
into the emitter and bulk of the wafer. As the oxidation 
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proceeds (from the front surface) r contaminants could be rejected 
from the oxide and concentrated in the metal and ultimately 
forced into the silicon# 

The third implication is a low- temperature version of 
the A1 gettering process. As silicon dissolves into the A1 
metal f a flood of vacancies are released into the bulk creating a 
vacancy gradient through the silicon. Vacancy assisted diffusion 
could draw impurities from the front surface and the emitter into 

> 

the bulk of the wafer. The process Is slow at low temperatures 
(325"C) and the number of vacancies generated too low fok^', the 
complete gettering expected at high temperatures, so that many of 
the contaminants remain trapped in the bulk after the process is 
terminated. If the contaminants are embedded in Ta near the 
surface, rather than trapped at the silicon interface, they are 
less likely to be drawn back into the silicon by the vacancy 
gradient. 

C.5 SUMMARY 

The dependence of diffusion length on process param- 
eters is gulte complicated^ The following empirical observations 
and interpretations point to, but do not confirm^ a self- 
consistent theory of gettering by vacancies. 

a. Surface treatment, both front and back, has an effect 
on diffusion length. 

b. Sequence of treatments can alter the final diffusion 
length (impurities gettered in one operation can be released in 
another). 
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c« Certain treatments (such as hl 9 h temperature) create 
defects which cannot be totally removed by i5i«iip1.e gettering 
processes. 

d. Getteiing can i|>roce(sd at temperatures as low as 325*C 
(with hi metal) .) 

e. Optimum gettering results appear in the range of 
850*-900*C (at least in Q.l n-cm p-type silicon). 

f. Vacancy concentration and concentration gradient seem 
to be the main factors in the gettering process. 

g. Precipitation or trapping of getter^d impurities is 
important for gettering to be most effective. 

h. Concentration of phosphorus, quantity of aluminum, and 
temperature, all influence the amount of vacancies available for 
gettering and probably influence the impurity trapping 
capability. 

Results reported here may not pertain to all labora- 
tories, since we have observed variations in diffusion lengths 
from day to day in identically processed wafers from the same 
ingot. Variations between laboratories would be larger than 
daily variations in a single lab. 
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APPENDIX D. DIFFUSION LENGTH MEASUREMENT AND DARK CURRENT 
DETERMINATION OF IRRADIATED SOLAR CELLS 

This appendix describes the use (and results) of 
irradiation to determine the relative contributions of base and 
emitter to the dark current of a solar cell# Two low resistivity 
(0.1 and 0.2 fl-cm) solar cells were sequentially irradiated and 
measured to provide a data base for determining the sources of 
dark current for the irradiated and unirradiated cells. The 
results prove that in 0.1 n>-cm cells# as fabricated under this 
contract# the emitter strongly dominates the dark current. Even 
for such cells with '^oc > 650 mV (1 sun intensity)# this 
conclusion should still be valid. 
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D-1. DIFFUSION LENGTH MEASUREMENT 


COMSAT Labs has long used the gamma cell to gener- 

ate a uniform concentration of carriers within the bulk of a so- 
lar cell and thus to provide the basis |or determining a range of 
minority carrier diffusion lengths for most cells [l]f[2]. In an 
earlier paper on the subject [IJ, the relationship between cur- 
rent collected from the solar cell while in the gamma cell (ly) 
and the solar cell diffusion length L was established for two 
back surface conditions. These conditions were: an ohmic back 

contact^ with the surface recombination velocity, S * «•, and a 
perfectly reflecting back contact, with S * 0. The relationships 
were described as: 


cosh (W/L) - 
sinh (w/l) 


for S 


(D-1) 


and 


T - T cosh (2W/L) - 1 , Q _ n 

I Y — loo s ihV' for S — 0 


(D-2) 


Where W is the cell thickness. 


loo “ 


K 


and K is a proportionality constant that depends on the geometry 
of the source and on the type, energy, and flux of the ionizing 
radiation.* K is determined by calibrating the gamma cell with a 


*K £ 16 for the period of this contract, 
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sol^r cell of known W, L# and S. An interesting feature of equa- 
tions (1) and (2) is the dependence on W. The basis of this re- 
lationship is made more physical if a trigonometric identity* is 
made so that equations (D-1) and (D-2) become 

ly * ^ tanh ^ for s ■ • (D-1*) 

and 

ly » ^ tanh ^ for S * 0 (D-2*) 

The form of equation (D-2') is similar to that for the dark cur- 
rent equations of a diode of thickness W with a perfectly re- 
flecting back contact (see equation (D-4) below]. The W/2 in 
equation (D-1') now indicates that the front junction only col- 
lects current from the front half of the cell and the carriers in 
the back half of the cell all migrate to the ohmic back contact. 
As the cell diffusion length gets small, ly in both both equa- 
tions (D-1') and (D-2*) approaches I«, (see Figure D-1), and no 
ambiguity can exist in the determination of L if K is known. 
However, for large values of L, the determination of L depends 
upon the value of S which is generally not well known. There- 
fore, a range of values for L are generally given for a measured 
ly and these extreme values are usually sufficient for most anal- 
ysis since the relative values of L between nearly identical 
cells are often of greatest interest. When L exceeds W, the ef- 
fect of cell thickness may be dominant in ly , and the value of L 

*Use^s]T(2W/L) = 1 + 2 sinh^ (W/D and sinh (2W/L) 

= 2 sinh (W/L) cosh (W/L) . 


D-3 


Figure D-1. Normalized Gamma-Cell Current vs Solar Cell 
Diffussion Length for S = «> and Different 
Cell Thicknesses W 

(for S = 0 use the curves corresponding to 2W) 
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dofeetminod from the S » » case often goes to infinity since most 
present cells do not have ohmic back contacts. 


d-2. dark current dbterminattqn 


The dark current density, Up, from the bulk of a solar 
cell can be expressed as: 


and 


Up 


A 

h 


coth 


w 

h 


for s « “ 


(D-3) 


Jb 


A 

L 


tanh 


w 

L 


for S « 0 


(D-4) 


where 


A. » 


qn^D 

“nT 


(D-5) 


and the usual definitions hold. The total dark current I from a 
cell consists of components from the bulk Ip, the junction I^, 
and the emitter 1 q, 

I « (Iq + Ib) eqV/KT H- eqV/2KT (D-6) 


Iq (1 at V = 0) can be easily determined from the illuminated 
cell I-V characteristics and equation (D-7), 

KT Iqc 

^oc ® 77*“ An rr— (D-7) 

4 xq 
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if we can assume that the term is negligible at Voc- S ince Ij;> 
is not zero, Iq, as determined from equation (0-7)# is an upper 
limit which is explicitly written as 

Ipm = Isc e'^'^oc/KT 

The above equations provide a means of determining lom sepa- 
rating le and Ipr since lopi ^ le + Ib» By measuring lyr Vqc# 

Isc of a solar cell after various levels of irradiation, lom ^nd 
a range for L can be determined./ With two different irradiation 
levels and with the assumption that does not change with irra- 
diation, simultaneous equations can be set up to solve for and 
Ib- 


^oml 

= lel + 

A 

Ll 

coth 

W 

Li 

(D-9a) 

^om2 

= Ie2 + 

A 

L2 

coth 

w 

L2 

(D-9b) 

lel 

= Ie2 




(D-9c) 


We have assumed S = » [equation (D-3)] for equations (D-9), but 
S = 0 [equation (D-4)J can also be used, if applicable. 

D-3. EXPERIMENTAL RESULTS 

Two cells (one 0.1 ft-cm and the other 0.2 fl-cm) were 
measured, irradiated, and remeasured to provide six data sets per 
cell. Equation (D-9) was modified to the form 
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( ^omi " PERi 


lomi) * L£ coth 


(D-10) 


where PERi * lei/lomi* values of PERi {PERi < 1) were varied 

until lei wss nearly constant for all levels of irradiation. For 
simplicity^ A was determined by providing a value of 
PER6[* PERg » PER(6)] and then was substituted in the other equa- 
tions to give PERi from which lei and Ibi were determined. 

Figure D-2 is an example of the results from such an analysis of 
the 0.2 fl~cm cell assuming E * 0. The table included in the fig- 
ure provides all the data and results used in the analysis. Var- 
iations of the parameter K [see equations (D-1 ' ) and (D-2')J have 
only a small effect on the values of Iq obtained. Changing from 
the S = 0 to the S = * form of the equations has a great impact 
(see Figure D-2a vs D-2b). In Figure D-2b, the value of L at 
630 mV is given at 1000 pm. In reality, the value of IG • K at 
this point (IG = 1^ * 6.5 jjA and K = 16) exceeds the possible 
value for 250-ym cells when assuming an ohmic contact (Figure D- 
1). The proper value of K is close to 16; only if K were de- 
creased or W were increased, would it be possible to question the 
nonohmic nature of the back contact. With the extreme assump- 
tions of S> 0 and S = «• , Figures D-2a and D-2b show the contri- 
bution of le at 630 mV to vary from 50 100 percent of the total 

dark current. 

A similar analysis was performed on the 0*1 n-cm cell 
at both extremes: S - 0 (Figure D-3a) and S = <» (Figure D-3b), 

The contribution of Iq, at Vqq * 635 mV, varies from 72 percent 
to 99 percent of Iqj^ in this 0.1 n-cm case. The fact that real- 
istic values of L are possible for K = 16 and S = • implies that 
the back contact is ohmic or at least much closer to being ohmic 
than that of the 0,2 n-cm cell. 
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Figure D-3. Dark Current Components as a Function of Open 
Circuit Voltage at Various Levels of Irradiation 
Electrical Characteristics of 0.1 fl-cra cells: 
a) S = 0? b) S = « 
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D-4. ANALYSIS AMD DISCUSSION OF RESULTS 

/ 

The extreme values of le/Iom unirradiated cells 

are 0.51 and 1.0 for the 0.2 o-cm cell and and 0.99 for the 

0.1 fl-cm cell. The lower extremes are based assumptions of 

S ■ 0 which is impossible for the heavily dopj^d base and aluminum 
alloyed back configuration of these cells, i^his configuration 
results in contacts closer to the s » • condit\ioni but in the 
^ 0.2 0-^cm case^ actual ohmic contacts are seen to be unlikely. As 
a resultf the limits of le/Iom more likely to be 0.7 - 0.9 
for 0.2 n-cm cell and 0.8 0.95 for the 0.1 n-cm cell. 

Using the same baseline Ss above, we can provide a 
probable value for A (see equation (D-3)J * (4.8 ± 0.2) x 10"^5 
Amps/ cm in the 0.2 fl^cm cell and (1.6 i 0.3) x 10 “ is Amps/cm in 
the 0.1 ft^cm cell.’^ 

Conductivity (a = 1/p ) is proportional to the majority 
carrier concentration N^ and mobility (m) of a material; there- 
fore we expect that ao 4 i/oo .2 = 2 = <Nam ) q , i/(N/vM ) g ^2 • Since 
M 0.2 “ ^*2^0 Naq j “ 2.4 X Naq 2 * Values found for Na in the 

0.1 n-^cm cell (from the literature [3], capacitance profile meas- 
ure^oents, and SIMS data) all fall within Naq ^ = 3 ± 1 x 10^^/ 
cmi. For the 0.2 fl-cm cell, Na* « - 1.3 ±0.3 x IQi^/cmS. The 
values [3] needed for evaluating A in equation (D-5) are; 

P (n-cm) 0.1 0.2 

NA(cm“3) 3 X 10i7 1.3 X 10 17 

D(cm2/s) 9.1 11.7 

nf(cm"S) — 1,5 x 1020 

q(Coulomb) — 1.6 x lO”!® 


*Units of A in the figures are (amps/4 cm^) pm. 
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The calculated values tor A become; 

Aq .2 * 2.2 X 10“ A/ cm 
Ao.i ■ 0,73 X 10 ”^ 5 A/cm 


and 


The measuifed values of A ace more than twice the 
calculated values^ but the ratios are close (3.2 vs 3.4). 

Bandgap narrowing would raise nj^ but more in the 0.1 n-cm cell, ; 
therefore does not appear to be the answer. Likewise, fractionai 
ionization of the acceptors, which would reduce Na to the hole 
concentration^ will increase Aq,| more than Aq.j. No experi?- 
mental errors or approximations Could lower the experimental 
values of A to the calculated value. However, a Chang© in ni 
frCm 1.5 X 1Q20 tc 3.3 x 1020/cm6 would completely reconcile the 
data to theory. Since the published values of ni vary between 
1.5 and 4 X 10 2 0 era"'® , this change does not appear to be too un- 
realistic. However, a more likely explanation is the presence of 
a junction recombination contribution, Ij., to the dark current, 
Iq, which would lower the value of It> + I© [as seen in equa- 
tion (D-6)I and therefore A. Support for the contribution of Ip 
to the dark current is found in the cell fill factors which drop 
with irradiation from 0,80 to 0,76 in the O.l fl-cm case and from 
0.79 to 0.77 in the 0.2 fl-^cm case. 

The greatest source of uncertainty in the solar cell 
parameters is the effective, recombination velocity at the back 
surface. This uncertainty creates large uncertainty in the 
value of L when L is comparable to, or larger than, the cell 
thickness. Uncertainty in L has a direct impact in determined 
results for lb. But, for the low resistivity cells reported 



here, thia uncertainty in S and L has only a small impact on 
which is the dominant component of the dark current for both 
ceils. TO provide a 0,1 n-cro cell 14J with ■ 654 mV, Iq must 
decrease by a factor of two. To achieve this decrease in the 
extreme <and impossible) case (Figure D-3a) of S » 0, Iq could be 
reduced by a factor of 3,3 while I^ is unchanged. With this re- 
duct Idn in Iq, l |3 would exceed Iq by about 20 percent, however, 
in the more likely situation (S very high. Figure 3-b), Iq so 
strongly dominates Iq that reducing Iq by two will likewise re- 
duce Iq by two and Iq will still be an order of magnitude greater 
than Ifc), These data have been analyzed in a different manner in 
Reference 5, but with essentially identical results, 

D-5. SUMMARY 

Two low-resistivity cells (0,1 and 0,2 fl-cm) have been 
studied at different levels of gamma irradiation. By assuming 
that the dark current contribution from the emitter Iq is con- 
stant, the illuminated I-V characteristics and gamma cell current 
were utilized to generate internally self-consistent values of 
Iq, Ib, and Iq at the different irradiation levels. The experi- 

A 

mental results agree very well with theory if n| * 4,3 x lO^O/cm® 
is used in the theoretical calculation. Since this value for nj 
is higher than published values, a non-negligible If term is 
postulated. Analysis of these values points to the dominance of 
Iq in, both cells and even at 653 mV, the Iq term will be signifi- 
cantly larger than the Ib term for the 0.1 0-cm cell. 
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